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Is SUSY dark matter alive?
Is SUSY alive (and well)? 
Not so well, but at least still popular..
Strumia talk, Madrid, September 2016
Is SUSY popular?
Yes
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The Gravitino Dark Matter
*and notes by P. Fayet, in the Proceeding 16th Rencontres de Moriond, march 1981
The gravitino was in fact the first candidate to be proposed as a 
dark matter, before the neutralino by Pagels and Primack in 1982*VOLUME 48, NUMBER 4 PHYSICAL REVIEW LETTERS 25 JANUARY 1982
Supersymmetry, Cosmology, and New Physics at Teraelectronvolt Energies
Heinz Pagels
The Rockefeller University, New Fork, Neu Fork 10021
Joel R. Primack
Physics Department, University of California, Santa Crag, California 95064
(Received 17 August 1981)
If one assumes a spontaneously broken local supersymmetry, big-b~~g cosmology
implies that the universe is filled with a gravitino {g3y&) gas—possibly its dominant
constituent. From the observational bound on the cosmological mass density it follows
that m«2 ~ 1 keV. Correspondingly, the supersymmetry breaking parameter I sat-isfies ~E ~ 2&& 103 TeV, requiring new supersymmetric physics in the teraelectronvolt
energy region. An exact sum rule is derived and used to estimate the threshold and
cross section for the production of the new states.
PACS numbers: 11.30.Pb, 11.30.(qIIc, 98.80.Dr
(Q, T~' j=2y„"6„', (2)
where 6 &„ is the energy-momentum tensor (P&= f O„,d'x) and J "is the supercurrent (Q
= JJ 'd'x). Since the Wigner-Weyl realization
Several promising features of supersymmetry, '
in addition to its intrinsic elegance, have recent-
ly attracted increased attention. Supergravity'
possibly leads to a renormalizable —indeed,
finite—quantum field theory of gravity, and may
also explain the absence of a vacuum energy den-
sity (cosmologica. l term). "While extended (N
~ 2) supergravity theories may unify gravitation
and grand unified theories (GUT) in the vicinity
of the Planck mass, M,~=G ~'=1.2&10"GeV,
only simple (N = 1) supersymmetry or super-
gravity is apparently relevant at ordinary ener-
gies. ' Fairly realistic N =1 models have been
constructed incorporating electroweak, GUT, or
hypercolor phenomenology in which spontaneous
supersymmetry breaking is assumed to occur in
the teraelectronvolt energy range or below. ' '
Of particular interest is the possibility that super-
symmetry may protect the electroweak Higgs
boson from acquiring a GUT-scale vacuum ex-
pectation value, thereby preserving a gauge
hierarchy put in by hand. There is even the
more attractive possibility that supersymmetry
breaking may actually solve the notorious hierar-
chy problem.
Here we shall be concerned with X= 1 exact
supersymmetry' for which the fundamental anti-
commutator is (in +———metric)
(Q, Qs't=2r s"& .
Correspondingly,
of supersymmetry is phenomenologically unac-
ceptable we will assume that the symmetry is
spontaneously broken, Q„~ 0) g0. Then Goldstone's
theorem requires the existence of a massless
spin--,' Majorana particle, the Goldstone spinor.
The vacuum expectation value of 6)„„
(&„„),= —.'E'g„„ (3)
defines the order parameter, E (analogous to f,
in chiral-symmetry breaking), which sets the
scale of the spontaneously broken supersymme-
try. Indeed, (2) and (3) imply for the current-
Goldstone-spinor coupling
where ~ gs) is the Goldstone spinor state.
Both the vacuum energy and the massless Gold-
stone spinor can be eliminated by gauging the
supersymmetry and coupling the matter action to
supergravity as discussed by Deser and Zumino. '
By the super-Higgs mechanism, ' the gravitino,
the self-conjugate spin-& partner of the graviton,
absorbs the Goldstone spinor and becomes mas-
sive. The vacuum energy (3) associated with the
matter action is exactly cancelled by the cosmo-
logical term incorporated into the gravitational
action if the gravitino mass is given by
m t =KE/v6,
where z=(8vG) '=4.1&&10 "GeV '. It has been
suggested that this cancellation of the effective
cosmological term follows from a symmetry of
the action (checked through terms of order z), '
and we assume its validity here.
In the context of the above assumptions we can
now summarize our conclusions. (1) The major
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3g&3 1
&3/20 4 2 |1~~3/2" (6)
Here g / ~ is the effective number of degrees of~3/2~freedom of thermally interacting r lativistic p r-
ticles [ =(number of boson spin states) + ~8(number
of fermion spin states}] at the temperature of
gravitino ( g,y2) decoupling, and g= 4 is the num-
ber of spin states of the gravitino. As we discuss
below, we expect g / ~ to be at least as large as,~3/2~but not necessarily much larger than, the effec-
tive number of degrees of freedom g,„just above
the electroweak symmetry restoration tempera-
ture [g,„=106&including the SU(3) SSU(2) SU(l)
gauge bosons, the Higgs boson, and three gen-
erations of quarks and leptons].
material constituent of the universe could be
massive gravitinos. Gravitinos could also pro-
vide the dark matter required in galactic halos
and small clusters of galaxies. (2) The gravitino
mass is bounded from above by the bounds on the
cosmological matter density in the standard big-
bang cosmology. This implies from (5) an upper
bound on the supersymmetry order parameter,
Il ~ (10' TeV)', a remarkable connection between
high-energy physics and cosmology. Hence if
supersymmetry is at all relevant to high-energy
physics it will be dynamically manifested at en-
ergies well below the Planck mass .he GUT
"desert" must be populated. (3) To reinforce this
conclusion we derive an exact sum rule using
supersymmetry current algebra for the mass of
any particle as an integral over the total gravi-
tino-particle cross section. Analysis of this
mass sum rule enables us to estimate the thresh-
old and cross section for the new physics.
First we turn to cosmology. If a spontaneously
broken local supersymmetry actually corresponds
to physical reality, then the universe will be
filled today with a gas of primordial gravitinos
in addition to photons and neutrinos. According
to standard hot big-bang cosmology, ' weak-inter-
action cross sections were sufficiently large to
keep left-handed neutrinos in thermal equilibrium
with the primordial plasma until the temperature
dropped to a few megaelectronvolts. The subse-
quent e'e annihilation at T=m, heated the re-
maining interacting particles but not the neutrinos,
with the result that thereafter T„/T y = ( ~»)' '.
The number density of photons today is nyo= (400
cm ') [ T/(2. 7 K)]'; that of each species of neu-
trino plus antineutrino is n,„o= 4(T„/T y)'nyo
= »n&0. The corresponding expression for gravi-
tinos is
Using (6} and bounds on the average ma. ss den-
sity we can obtain a bound on the gravitino mass.
Measurements of the Hubble parameter and iso-
tope and stellar age determinations imply that p„
the average mass density today, is not more than
prnax = 2 7.0 g cm ' = ll keV cm ' if there is
no cosmological constant. " This implies an
upper bound on the masses of primordial par-
ticles"
n, , mg +n„~5m, ~pm. x)~3/2 g3/
(7)
If one assumes for definiteness that g ~~ 200,3/2the bound becomes m& / 1 keV. If p, & p or~3 2the neutrinos account for most of p„ the bound is
lowered. "
Although a neutrino-dominated universe is be-
coming increasingly attractive to cosmologists, ""
it is worth considering the possibility that much
of the missing mass is gravitinos. Neutrinos
cluster" on mass scales -Mp&'/m„', which for
m, =30 eV is -10"M, i.e., the scale of large
clusters of galaxies. Since the mass bound on
gravitinos is higher, they could cluster on a
smaller mass scale. If the mass of th6 gravitino
is comparabl to our bound, then gravitinos will
play a role in the formation of galaxies and small
groups of galaxies.
Most interesting from the viewpoint of high-en-
ergy physics is that the bound on the gravitino
mass implies that the order parameter I' of
spontaneously broken supersymmetry is also
bounded. Using (5) and (7) we obtain
= (1.7 X10' ' ' TeV)'. (8)~~3/2"
This implies that dynamical features associated
with supersymmetry must appear in the teraelec-
tronvolt nergy rang and possibly at m ch low-
er energies. The GUT desert must be populated.
In orde to make this more precise we return
to the supersymmetry algebra (1) to derive a,
current-algebra sum rule (the analogue of the
Adler-Weissberger sum rule) for the mass of
any part cle. The amplitude
A„B""(p,q)
=~fd'«"" &p I T&~."(x), Z8'(0)) lp)
corresponds to the scattering of gravitinos of
224
H. Pagels and J.R. Primack, Phys. Rev. Lett. 48 (1982) 223
Same computation than  
for the neutrino decoupling:
Sbefore =  Safter
time
Temperature
Td3/2
Tdγ
gds
T03/2
T0γ
Same computation than  
for the neutrino decoupling:
Sbefore =  Safter
time
Temperature
Td3/2
Tdγ
gds
T03/2
T0γ
gds+3/2 ⇥ (T d3/2)3 ⇥ V (T d3/2) =

4⇥ 7
8
⇥ (T 03/2)3 + 3⇥ 2⇥
7
8
(T 0⌫ )
3 + 2⇥ (T 0  )3
 
⇥ V (T 0  )
Same computation than  
for the neutrino decoupling:
Sbefore =  Safter
time
Temperature
Td3/2
Tdγ
gds
T03/2
T0γ
*m3/2 < 1 keV in the Pagels-Primack case because they took h2=1 and Ω < 1
*
(T 03/2)
3 =
1
gds
43
11
(T 0  )
3 ) ⌦h2 = ⇢3/2
⇢0c
' 210
gds
⇣ m3/2
1 keV
⌘
. 0.1 ) m3/2 . 100 eV [gds . 200]
gds+3/2 ⇥ (T d3/2)3 ⇥ V (T d3/2) =

4⇥ 7
8
⇥ (T 03/2)3 + 3⇥ 2⇥
7
8
(T 0⌫ )
3 + 2⇥ (T 0  )3
 
⇥ V (T 0  )
Same computation than  
for the neutrino decoupling:
Sbefore =  Safter
Fundamental hypothesis: the gravitino has been in thermal equilibrium with the 
primordial plasma after reheating.
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100 eV is in strong tension by structure formation 
and/or Tremaine-Gunn bound, as well as SUSY 
spectrum at TeV.
m3/2100 eV
Pagels
100 eV is in strong tension by structure formation 
and/or Tremaine-Gunn bound, as well as SUSY 
spectrum at TeV.
m3/2
But…. 
Main hypothesis is that the gravitino was, after 
reheating, in thermal equilibrium with the 
primordial plasma.
100 eV
Pagels
Weinberg then proposed 6 month latter a scenario with an 
unstable gravitino, to allow heavier masses and higher SUSY 
breaking scale. 
Asking for its lifetime τ3/2 < 1 second to avoid BBN issues, he 
obtainsVOLUME 48) NUMBER 19 PHYSICAL REVIEW LETTERS 10 MAY 1982
Cosmological Constraints on the Scale of Supersymmetry Breaking
Steven Weinberg
Department of physics, University of Texas, Austin, Texas 78712
(Received 9 March 1982)
The gravitino must be either light enough so that ambient gravitinos would not produce
too large a cosmic deceleration, or heavy enough so that almost all gravitinos would have
decayed before the time of helium synthesis. The second alternative is shown to allow
supersymmetry-breaking scales above a model-dependent lower bound of 10."to 10' GeV.
PACS numbers: 11.30.Pb, 11.30.Qc, 04.60.+n, 98.80.-k
Supergravity theories' necessarily involve a
massive spin-& particle, the gravitino, whose
mass m, is related to the scale I" of spontaneous
supersymmetry breaking by the formula'
m =(4n/3)' 'F/mp, ,
where m» is the Planck mass, 1.2&10"GeV. A
recent Letter by Pagels and Primack' makes the
interesting point that the upper bound on the cos-
mological mass density requires that m, be less
than 1 keV, leading to the upper bound fE (2 && 10'
GeV on the scale of spontaneous supersymmetry
breaking. This is an important conclusion, be-
cause it would mean that supersymmetry, if valid
at all, remains unbroken down to energies far
below those of order 10"GeV, at which gauge
symmetries connecting the strong and electro-
weak interactions are generally supposed to be
broken.
As recognized in Ref. 3, this conclusion applies
only if the gravitino is stable enough to survive
to the present. It is assumed in Ref. 3 that the
gravitino is kept stable by a discrete reflection
symmetry, ' known as "R parity. " As conventional-
ly defined, the R parity is even for quarks, lep-
tons, and gauge and Higgs bosons, and odd for
their superpartners. The supercurrent is mani-
festly odd under R parity, so that the gravitino
is R odd, and is presumed to be the lightest R-
odd particle. In this case, if R parity is con-
served, the gravitino may be expected to be ab-
solutely stable.
In this note I wish to examine whether a super-
symmetry breakdown at a very high energy such
as 10"GeV is really ruled out by the arguments
of Ref. 3. First, although R parity is automatical-
ly conserved in a wide class of supersymmetric
theories, supersymmetric theories do exist in
which R parity is not conserved, or at least not
with R -parity assignments that would prohibit
gravitino decay. Also, even if 8 parity is an ex-
act symmetry of the Lagrangian, it might be
spontaneously broken by whatever mechanism
breaks supersymmetry. ' Further, even if R-
parity conservation is exact and not spontaneous-
ly broken, how do we know that the gravitino is
the lightest R-odd particle~ Finally, even if R-
parity conservation were exact and not spontan-
eously broken, and the gravitino were the light-
est R-odd particle and consequently absolutely
stabl, e, one must still consider whether the an-
nihilation of heavy gravitino pairs might reduce
the gravitino mass density to acceptable levels,
thus allowing gravitino masses above some lower
bound, as is the case for heavy neutrinos. '
Let us first dispose of the last issue. Even if
R-parity conservation is exact and unbroken, and
if the gravitino is the lightest R-odd particle,
gravitinos can disappear through annihilation of
gravitino pairs, say into vv or yy pairs. Rela-
tivistic helicity-(+ —,) gravitinos behave essential-
ly like massless spin-& Goldstone fermions, ' and
so these gravitinos annihilate readily at tempera-
tures above m, , but at these temperatures gravi-
tino pairs are equally readily created in collisions
of other particles. Annihil. ation can only reduce
the gravitino population at temperatures bel.owm, where the gravitinos are nonrelativistic. At
such temperatures the couplings of helicity-( —,')
as well as -(+ s) gravitinos are suppressed by
powers of v"G = 1/mp~ Further, most of the an-
nihilation will take place at temperatures of order
m, , because the thermal average (ov) of the prod-
uct of the gravitino-gravitino annihilation cross
section and relative velocity becomes constant for
late times, so that the annihilation rate goes like
n, ~R '~ t ', while the cosmic expansion rate R/
R goes like (Gm, n, )' '~R ' '~ t '. (This argu-
ment can be made more precise by solving the
Boltzmann equation for the gravitino number den-
sity n, as done in Hef. 7.) The dominant contribu-
tion to (ov) is provided by the conversion of a
gravitino pair into a single virtual graviton which
then converts into any sufficiently light particle-
1982 The American Physical Society 1303
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IS IT EASY TO SAVE THE GRAVITINO? 
M.Yu. KHLOPOV 
Institute of Applied Mathematics, Moscow 125047, USSR 
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Lebedev Physical Institute, Moscow 117924, USSR 
Received 21 December 1983 
New constraints on the cosmological gravitino abundance are discussed. These constraints lead to some rather stringent 
constraints on the structure of the theories in which the primordial gravitino problem can be solved. 
At tempts  to construct a unified supersymmetric 
theory o f  all fundamental  interactions attract more 
and more at tention now. One of  the most promising 
approaches is connected with N = 1 supergravity 
coupled to matter ,  with local supersymmetry being 
spontaneously broken in the tree approximation [ 1 ]. 
Such theories have many attractive features, one of  
which is the possibility to solve the gauge hierarchy 
problem [2]. In all such theories the gravitino mass is 
of the same order as the scale of  symmetry breaking 
in the Weinberg-Salam theory,  m G ~ 102 GeV [3]. 
However, cosmological constraints on m G forbid the 
region 1 KeV < rn G < 104 GeV [4,5]. In particular, 
as was :mentioned in ref. [6], decay of  gravitinos with 
m G ~ 102 GeV leads to an unacceptable increase of  
the entropy of  the universe after cosmological nucleo- 
synthesis if their relative cosmological abundance 
Y3/2 = n3/2/n7 exceeds O (10 -6 )  at the moment 
of  the decay. The only way to obtain such a small 
value of  Y3/2 is connected with the inflationary uni- 
verse scenario [ 7 - 9 ] .  Indeed, even small inflation, in- 
creasing the scale factor of  the universe by 102 times, 
would have been sufficient to decrease Y3/2 by 106 
times, which may provide us with a simple and natu- 
ral solution of  the primordial  gravitino problem [10] 
similar to the solution [8,9] o f  the primordial  mono- 
pole problem [ 11 ]. However, while magnetic mono- 
poles cannot practially be produced after inflation, 
gravitons may be produced after inflation, and their 
abundance may exceed the allowed value Y3/2 
10 - 6  [12,61. 
Indeed, according to refs. [12,6], the main source 
of  gravitinos after cosmological inflation is the process 
X + ~ ~ X + ~ where X are scalar particles interacting 
with the gaugino ~" and the gravitino ~ .  The cross 
9 section of  this process is of  the order o ~ em~, where 
c~ ~ 10 -  2 is the fine structure constant,  rnp ~ 1019 
GeV is the Planck mass. Due to this process the gra- 
vitino abundance II3/2 after inflation grows at a rate 
d Y3/2/dt ~ aN(T)  T3/m p, (1) 
where N(T) ~ 10 +2 is the effective number of  degrees 
of  freedom (the number of  particle species with 
masses M <~T). It follows from (1) that if after infla- 
t ion the universe reheats up to the temperature T ; 
TR, then the gravitino abundance grows practically 
from zero value up to 
Y3/2 ~ a N / ~ R ) T R / r n P  ~ 10 1 TR/mp . (2) 
This means that 113/2 ~ 10-6 after reheating only if 
T R ~ 1014 GeV which is indeed the case in all ver- 
sion of  the inflationary universe scenario considered 
so far. 
Unfortunately,  however, a more detailed investi- 
gation of  the gravitino decay process after the nucleo- 
synthesis [13] leads to much more stringent con- 
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cult if the constraint in the gravitino abundance is 
I13/2 ~ 10-12, and, correspondingly, T R ~ 108 GeV. 
At tlrst sight, the process of baryosynthesis in such 
theories s em  to be absolutely forbidden, since the
llghtest particles which may le d to asymmetric 
baryon-an ibaryon production have masses M 
101 0 G V 0], and ch particles are absent in the 
thermodynamically equilibrium state at T R .~M. 
Fortunately, the situation is not as bad as it may 
seem to be. As was shown in ref. [21], reheating of 
the universe and baryon asymmetry generation after 
inflation goes in few stages. At the first stage of this 
process the energy of the classical scalar field ~, oscil- 
lating near its equilibrium value ~0, transforms into 
energy of ~-particles. After the collisions of these 
particles with each other and/or after their decay 
other superheavy particles are produced. Then, due to 
interactions and decays of superheavy particles all 
other heavy and light particles are produced and a 
state of t ermodynamical equilibrium is esta lished. 
We emp asize that de ays of supe heavy particles, 
leading to the generation of the cosmological baryon 
asymmetry, occur simultaneously with the produc- 
tion of light particles before the establishment of 
thermodynamic equilibrium [21 ]. The large deviation 
from thermodynamic equilibrium during the process 
of baryosynthesis and the relatively large initial con- 
centration of superheavy pa ticles in the beginning 
of this process increases the resulting value of the 
baryon asymmetry by one or two orders of magni- 
tude as compared to the baryon asymmetry which 
appears in the standard baryosynthesis scenario [22]. 
On the other hand, if baryon a ym etry is generated 
due to decay of particles with M >~ TR, after their 
decay the entropy of the universe grows by the factor 
M/TR, and by the same factor the baryon asymmetry 
is reduced. 
Thus, the generation of the baryon asymmetry 
after inflation is p ssible even in the t eories in which 
T R ~< 108 GeV. However, one n eds the mass M of the 
particles generating the baryon asymmetry in their 
decays not to exceed T R by many orders of magni- 
tude, since it could lead to a reduction of the baryon 
asymmetry proportional to TRIM. On th  other hand, 
the asses M of these particles should not be too small 
since this would lead to a rapid proton decay. Theories 
in which both criteria are satisfied, do actually exist; 
see e.g. ref. [20], and references therein. One of the 
possibilities is related to the existence of several Higgs 
triplets withM H ~ 1010 GeV, another with the ex- 
istence of singlet superfields with the same mass, 
which may decay into coloured particles of smaller 
mass [201. 
In such a cenario with a low r heating tempera- 
ture T R a long stage of oscillations of the classical 
fi ld ~ is inevitable. At this stage, as well as at the 
stage at which nonretativistic ~-particles are domi- 
nating, special care should be taken to prevent 
copious primordial black hole (PBH) formation from 
small initial inhomogeneities by the mechanism sug- 
gested in ref. [23]. Fortunately, some estimates in 
the framework of existing predictions of primordial 
small scale inhomogeneities generated after inflation 
[24] seem to give too small an amount of PBHs, which 
do not contradict the observational upper limits on 
PBHs. 
The general conclusion of our paper is the follow- 
ing. The only way to solve the primordial gra itino 
pr blem known t  us is related to the inflationary 
universe scenario [7-9] .  To make this solution ef- 
fective, the temperature of the univ rse after reheat- 
ing should not exceed 108-109 GeV (though in some 
particular theories a value of T R as large as 1012 GeV 
may be possible). This result leads to some rather 
stringent constraints on the possible structure of the 
theory, which necessary in order to provide an ef- 
fective generation of the baryon asymmetry after 
inflation. 
The results obtained above may lead to two alter- 
native conclusions: 
(1) The possibility to solve the primordial gravitino 
proble m is an additional argument in favour of the 
inflationary universe scenario. Stringent constraints on 
the class of theories in which this problem can be 
solved may be useful for construction of realistic 
theories of all fundamental interactions. 
(2) The price for saving a gravitino with m G 
102 GeV is rather high. Before paying it, it is worth 
trying to construct some other realistic theories in 
which m G ~> 104 GeV or m G ~ 1 KeV, and the corre- 
sponding cosmological problems do not appear. 
At present it is rather difficult to make a definite 
choice between these two alt rnative viewpoints, and 
we leave the final verdict for the reader. 
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Khlopov and Linde then computed  the value of Y3/2 (= n3/2 / nγ) as 
funct on of TRH (considering the process                            ). They 
concluded that a 100 GeV gravitino is possible if its density is 
sufficiently low, corresponding to TRH < 108 GeV
X +  ˜ ! X + g˜
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the entropy of  the universe after cosmological nucleo- 
synthesis if their relative cosmological abundance 
Y3/2 = n3/2/n7 exceeds O (10 -6 )  at the moment 
of  the decay. The only way to obtain such a small 
value of  Y3/2 is connected with the inflationary uni- 
verse scenario [ 7 - 9 ] .  Indeed, even small inflation, in- 
creasing the scale factor of  the universe by 102 times, 
would have been sufficient to decrease Y3/2 by 106 
times, which may provide us with a simple and natu- 
ral solution of  the primordial  gravitino problem [10] 
similar to the solution [8,9] o f  the primordial  mono- 
pole problem [ 11 ]. However, while magnetic mono- 
poles cannot practially be produced after inflation, 
gravitons may be produced after inflation, and their 
abundance may exceed the allowed value Y3/2 
10 - 6  [12,61. 
Indeed, according to refs. [12,6], the main source 
of  gravitinos after cosmological inflation is the process 
X + ~ ~ X + ~ where X are scalar particles interacting 
with the gaugino ~" and the gravitino ~ .  The cross 
9 section of  this process is of  the order o ~ em~, where 
c~ ~ 10 -  2 is the fine structure constant,  rnp ~ 1019 
GeV is the Planck mass. Due to this process the gra- 
vitino abundance II3/2 after inflation grows at a rate 
d Y3/2/dt ~ aN(T)  T3/m p, (1) 
where N(T) ~ 10 +2 is the effective number of  degrees 
of  freedom (the number of  particle species with 
masses M <~T). It follows from (1) that if after infla- 
t ion the universe reheats up to the temperature T ; 
TR, then the gravitino abundance grows practically 
from zero value up to 
Y3/2 ~ a N / ~ R ) T R / r n P  ~ 10 1 TR/mp . (2) 
This means that 113/2 ~ 10-6 after reheating only if 
T R ~ 1014 GeV which is indeed the case in all ver- 
sion of  the inflationary universe scenario considered 
so far. 
Unfortunately,  however, a more detailed investi- 
gation of  the gravitino decay process after the nucleo- 
synthesis [13] leads to much more stringent con- 
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concluded that a 100 GeV gravitino is possible if its density is 
sufficiently low, corresponding to TRH < 108 GeV
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We consider the history of the early 
Universe in the locally supersymmetric 
model we have previously discussed. We pay 
particular attention to the requirement of 
converting the quanta of the field which 
drives primordial inflation (inflatons) to 
ordinary particles which can produce the 
cosmological baryon asymmetry without pro-
ducing too many gravitinos. An inflaton 
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scenario. 
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But just the transverse degree of freedom (spin +/-3/2)  
gravitino
gluino gluon
They obtained TRH < 109 - 1010 GeV
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Fig. 1. Cosmological constraints on the gravitino mass and the 
reheating temperature in the framework of MSSM when the 
gravitino is the LSP. We take all the squark and slepton masses 
to be 1 TeV, mo~ = mNse= 50 GeV and the GUT relations on the 
gauge fermion masses are assumed. The solid line denotes the 
upper bound on the reheating temperature from the closure limit. 
The dotted region is excluded from the arguments of the light 
element photodestruetion if the NSP whose relic density is as large 
as eq. ( 15 ) decays radiatively with a lifetime shorter than 5.3 × 106 
S. 
overclose the universe. Therefore, it is the scattering 
process that is important to estimate the number 
density of  the gravitino. In this case, 
Ns (TNOW) x / / ~ ( ( 3 ) M  
Y3/2(TNow)= Ns (TR) ~ 3x//~ * 
X TR (Stot Vrel } , (14) 
from eq. (10a). Combining eq. (14)wi th  eq. (13), 
we get the upper bound on the reheating tempera- 
ture, which is approximately proportional to the 
gravitino mass. On the other hand, if 2 × 10 - 6 ,~ m3/ 
2< 10 -4 GeV, the decay processes become signifi- 
cant. In this case, P3/2 is larger than Pc unless the re- 
heating temperature is smaller than the squark and 
slepton masses. Therefore, it is necessary to lower the 
reheating temperature below the squark and slepton 
mass scale in order not to overclose the universe. And 
when m 3/2~<2X 10 - 6  GeV, the gravitino mass is so 
small that P3/2 cannot exceed Pc even if the gravitino 
is thermalized. 
Next, let us consider the constraint from the light 
element photodestruction. If  a decay of a heavy par- 
ticle produces high energy photons after the primor- 
dial nucleosynthesis, we must require that these pho- 
tons do not change the abundance of the light 
elements. Here we consider the decay of the NSP. 
Since we are assuming that the gravitino is the LSP, 
the NSP can decay only to gravitino + something by 
the supergravity interaction. Therefore, the NSPs 
have much longer lifetime than other superparticles 
and may affect the predictions of the big-bang 
nucleosynthesis. 
If  the NSPs were stable, it would survive until to- 
day. Its relic density in this case has been calculated 
[3-5 ]. For the neutralinos, in a wide range of parti- 
cle parameters, the relic density is larger than 10- 3 to 
the critical one. This relic density can be translated 
into mNsPYNsP>~ 5.0 X 10-11 GeV ~ 1  where mNsP and 
YysP are the mass and yield of the NSP. In the follow- 
ing analysis, we conservatively take 
mNsP YNS P = 5 . 0 X  10 - l l  GeV,  (15) 
and assume that the NSP decay produces high energy 
photons. According to ref. [16], the energy density 
of  eq. ( 15 ) will overproduce 3He + D unless the life- 
time of the NSP is shorter than about 5.3X 106 S. 
Therefore, we impose 
,, sP i1 m2/2 M2 k m y s p /  U ) 
45 .3X106s .  (16) 
Here we have assumed that the NSP is a U( 1 ) r gauge 
fermion (bino) and used eq. (5a) for the decay rate 
of the NSP ~2. The right hand side ofeq. (16) strongly 
depends on the NSP mass and especially when the 
NSP mass is small, a severe upper bound on the grav- 
itino mass is obtained. The bound we obtained is 
m3/2~<3.4 GeV (9.3 GeV, 288.5 GeV, 771.5 GeV) 
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Cosmological constraints when the gravitino is the lightest superparticle are studied. From th  condition that the relic gravitinos 
should not overclose the universe, the upper bound on the reheating temperature of the universe is found to be 102-101° GeV in 
a range of gravitino mass 10-s_ 10 GeV. Furthermore, if the decay of the next-to-the-lightest superparticle produces sizable high 
energy photons, constraints from the light element (D, SHe, 4He) photodestruction exclude a range of the gravitino mass. 
Supersymmetry (SUSY) is attractive not only from 
the particle-physics point o f  view but also from the 
cosmological point of  view. Under  R-parity conser- 
vation which avoids too fast nucleon decays, the 
lightest superparticle (LSP) is absolutely stable so 
that it is a candidate for the dark matter [ 1,2 ]. The 
lightest neutralino, a linear combinat ion of  neutral 
gauginos and neutral higgsinos, has been widely stud- 
ied as the LSP. Its relic abundance has been exten- 
sively discussed and cosmologically interesting pa- 
rameter regions have been identified (for recent 
developments, see refs. [ 3-5 ] and references therein) 
where its mass density reaches the critical one to close 
the universe. 
However, there is another natural candidate for the 
LSP and thus for the dark matter. That is a gravitino 
which is always present provided SUSY is extended 
to a local one, supergravity. In this letter, we will con- 
sider cosmological constraints when the gravitino is 
the LSP. Although it is well-known that the gravitino 
is a cosmological embarrassment [6-13 ], it seems 
that the case of  the gravitino LSP has been only partly 
discussed in the literature [ 6,12,14 ]. I f  a very light 
gravitino o f  mass m3/2~O(1  keV) was once ther- 
Fellow of the Japan Society for the Promotion of Science. 
malized, the critical density of  the universe is reached 
and hence it constitutes a (warm) dark matter. For a 
heavier gravitino, one has to consider inflation. We 
will find that the requirement that the gravitinos pro- 
duced after the inflation should not overclose the 
universe (the closure limit) places a severe upper- 
bound on the reheating temperature TR. Another 
stringent constraint comes from the destruction of  
light elements due to radiative decays of  the next-to- 
the-lightest superparticle (NSP)  into the gravitinos, 
which excludes a certain range of  the gravitino mass. 
We shall begin by discussing the interactions of  the 
light gravitino. If  the gravitino mass m3/2 is small 
compared to the typical interaction energy, wave 
functions of  the longitudinal (helicity +_ ½) compo- 
nent of  the gravitino can be written approximately as 
~/// ~ 1 0/z ~/./ , ( 1 ) 
where ~u represents the spin 2 ~ field. Essentially, ~t can 
be interpreted as a goldstino, and its interactions with 
a chiral multiplet (~b~, Z~) and a gauge multiplet (A~, 
2) are given by [ 15 ] 
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All summarized and completed (loop level) by Bolz, Brandenburg 
and Buchmuller
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Thermal Production of Gravitinos
M. Bolz, A. Brandenburg, W. Buchmu¨ller
Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
Abstract
We evaluate the gravitino production rate in supersymmetric QCD at high tem-
perature to leading order in the gauge coupling. The result, which is obtained by
using the resummed gluon propagator, depends logarithmically on the gluon plasma
mass. As a byproduct, a new result for the axion production rate in a QED plasma
is obtained. The implicatons for the cosmological dark matter problem are briefly
discussed, in particular the intriguing possibility that gravitinos are the dominant
part of cold dark matter.
Figure 4: The density parameter ΩG˜h
2 for diﬀerent gravitino masses mG˜ as function of
the reheating temperature TR. The gluino mass has been set to mg˜ = 700 GeV.
in the mG˜-mg˜ plane which is shown in fig. 5 for three diﬀerent values of the reheating
temperature TR. The allowed regions are below the solid lines, respectively.
With respect to the BBN constraint, consider a nonrelativistic particle X decaying
into electromagnetically and strongly interacting relativistic particles with a lifetime τX .
X decays change the abundances of light elements the more the longer the lifetime τX
and the higher the energy density mXYXnrad are. These constraints have been studied in
detail by several groups [11, 12, 13]. They rule out the possibility of unstable gravitinos
with mG˜ ∼ 100 GeV for TR ∼ 1010 GeV.
For stable gravitinos the NSP plays the role of the particle X. The lifetime of a fermion
decaying into its scalar partner and a gravitino is
τNSP = 48π
m2
G˜
M2
m5NSP
. (49)
For a suﬃciently short lifetime, τNSP < 2 · 106 s, the energy density which becomes free in
NSP decays is bounded by mXYX < 4 · 10−10GeV, which corresponds to ΩXh2 < 0.008.
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The Freeze Out process
The Freeze Out (FO) process is the mechanism describing the population 
of gravitino through the decay of the Next to Lightest Supersymmetric 
Particle (NLSP) into gravitino,  once the NLSP is out of equilibrium. The 
NLSP can be a sfermion or a neutralino.
J.L. Feng, S. Su and F. Takayama, Phys. Rev. D70 075019 (2004)
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A new paradigm?
A new paradigm?
All the computation of relic abundance of gravitino until now has 
been based on the hypothesis of the gravitino [Pagels] and/or SUSY 
partners [FO, FI] have been in thermal equilibrium with the 
primordial plasma or at least are produced by pair with the gravitino 
[Scattering].  
In all case, SUSY spectrum needs to be lower than the reheating 
temperature: 
MSUSY < TRH.
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partners [FO, FI] have been in thermal equilibrium with the 
primordial plasma or at least are produced by pair with the gravitino 
[Scattering].  
In all case, SUSY spectrum needs to be lower than the reheating 
temperature: 
MSUSY < TRH.
What is happening if we change the pradigm, settling as a minimal 
(reasonable) hypothesis: 
MSUSY > Minflaton= MΦ 
Temperature scale
1 TeV
1010 GeV
1016 GeV SUSY
TRH
gravitino
1013 GeV mΦ~1013 GeV
m3/2 ~ <F>/MPl
MSUSY~<F>/Mmess
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F
Mmess
> m  ,Mmess > MSUSY
) F > m2  , with m  ⇠ 3⇥ 1013 GeV
) m3/2 = FMPl & 0.2 EeV
The simple hypothesis MSUSY > mΦ 
gives already a lower bound on 
gravitino mass of ~ 108 GeV
108 GeV
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How to produce gravitino?
Directly from the thermal bath
Another (« a la Fermi ») point of view
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Generating the interactions
3
those of the SM. In particular for a Higgs boson
of 126 GeV, it leads to a vanishing of the quartic
coupling at scales of order 2⇥1010 GeV to 3⇥1011
GeV depending on the assumption on the degener-
acy of super particles soft masses, the exact value
of the top mass and the strong interaction gauge
coupling (see for instance [21]), so we take:
MSUSY . {1010   1011}GeV (4)
Allowed supersymmetry breaking scales beyond
this value can be achieved by a modification of the
RGEs through introduction of new light particles.
We shall not discuss these cases in details here, the
generalisation being straightforward.
2. The cosmological parameter:
The cosmological history described here starts af-
ter the Universe is reheated. Some assumptions
are made for this epoch: (i) The reheating temper-
ature TRH is small enough to not produce super-
partners of the Standard Model particles, thereof
TRH . MSUSY (ii) in the reheating process gold-
stinos are scarcely produced. This second condi-
tion is a constraint of the nature of the inflaton,
its scalar potential and the branching ratios in its
decay. A discussion of the production of goldstinos
at the end of inflation can be found for example in
[17] .
We consider that the dark matter gravitino inter-
actions are well approximated by the helicity ±1/2
components. This is true in virtue of the equiva-
lence theorem if the energy E of the gravitinos is
much bigger than their mass. Approximating the
former by the temperature T of the SM particles
in equilibrium leads to the mass hierarchies that
defines the self-consistency of our setup:
m3/2 ⌧ TRH .MSUSY .
p
F . ⇤mess ⌧MPl
(5)
Note that our bound on the reheating temperature
is compatible with thermal leptogenesis. In fact,
a lower bound of the reheating temperature is ob-
tained when the latter is identified with the mass of
the lightest right handed neutrino. It is at most of
order 109 GeV but can be lower depending on as-
sumptions on the neutrinos initial abundance and
mass hierarchies (see for example [22]).
III. GOLDSTINO DARK MATTER
A. E↵ective goldstino interactions
Under the assumption m3/2 ⌧ E ⇠ T discussed
above, the gravitino interactions with SM fields are dom-
inated by the helicity ±1/2 components. Moreover, for
E ⇠ T . TRH . MSUSY , these are described by a non-
linear realization of supersymmetry in all the obervable
SM sector, since we will consider all superpartners to be
heavy and therefore not accessible in the thermal bath
after reheating1. The leading order goldstino-matter in-
teractions can be divided into two types of contributions:
universal [25] and non-universal ones [26, 27, 30]. We will
restrict our analysis to the former, s that corresponds to
the minimal couplings expected from the low energy the-
orem2. Their construction starts by defining a ”vierbein”
[28]
eam =  
a
m  
i
2F 2
@mG 
aG¯+
i
2F 2
G a@mG¯ , (6)
that under a supersymmetry transformation of parame-
ter ✏ transform as a di↵eomorphism in general relativity
 eam = @m⇠
nean + ⇠
n@ne
a
m , (7)
where ⇠n = iF e
n
a(✏ 
aG¯ G a✏¯). The couplings to matter
in this original geometrical prescription follows therefore
the standard coupling to matter of a metric tensor built
out from the vierbein gmn = ⌘abeame
b
n. The correspond-
ing goldstino-matter e↵ective operators are consequently
of dimension eight and take the form:
L2G =
i
2F 2
(G µ@⌫G¯  @⌫G µG¯)Tµ⌫ , (8)
where G is the goldstino field and Tµ⌫ is the energy mo-
mentum tensor of the SM matter fields. The energy mo-
mentum tensor is given by:
Tµ⌫ =   2p g
 S˜
 gµ⌫
|gµ⌫=⌘µ⌫= +⌘µ⌫L˜
 
X
a
iDµ ¯a ¯⌫ a  DµHD⌫H† +
X
SMgroup
1
2
F a⇠µ F
a
⌫⇠
+(µ$ ⌫) (9)
in which S˜ =
R
d4x
p gL˜. The scalar potential and mass
terms for scalar and fermions appear in the first term.
After the contraction between ⌘µ⌫ and G µ@⌫G¯, the on-
shell production of two goldstinos give a cross section
proportional tom23/2. Asm3/2 is much smaller than TRH ,
these contributions can be neglected, as we will see later.
1 Reheating temperature below superpartner masses was proposed
and investigated in particular in [23] and [24]. The novelty in our
case is that we consider high-scale supersymmetry, so our reheat-
ing temperature is much higher compared to these references.
2 As we will see, our result will not depend drastically on this
hypothesis
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One can deduce the vierbe n of the theory, just from th  hypoth sis that the 
longitudinal part of the gravitino is the goldstino of the SUSY transformation*
* see the incredibly modern article « Is the Neutrino a Goldstone particle » by D.V. Volkov and V.P. Akulov,Phys. Lett. B 46 (1973) 109 
I. Antoniadis, E. Dudas, D. M. Ghilencea and P. Tziveloglou, Nucl. Phys. B 841 (2010) 157
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in this original geometrical prescription follows therefore
the standard coupling to matter of a metric tensor built
out from the vierbein gmn = ⌘abeame
b
n. The correspond-
ing goldstino-matter e↵ective operators are consequently
of dimension eight and take the form:
L2G =
i
2F 2
(G µ@⌫G¯  @⌫G µG¯)Tµ⌫ , (8)
where G is the goldstino field and Tµ⌫ is the energy mo-
mentum tensor of the SM matter fields. The energy mo-
mentum tensor is given by:
Tµ⌫ =   2p g
 S˜
 gµ⌫
|gµ⌫=⌘µ⌫= +⌘µ⌫L˜
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SMgroup
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2
F a⇠µ F
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+(µ$ ⌫) (9)
in which S˜ =
R
d4x
p gL˜. The scalar potential and mass
terms for scalar and fermions appear in the first term.
After the contraction between ⌘µ⌫ and G µ@⌫G¯, the on-
shell production of two goldstinos give a cross section
proportional tom23/2. Asm3/2 is much smaller than TRH ,
these contributions can be neglected, as we will see later.
1 Reheating temperature below superpartner masses was proposed
and investigated in particular in [23] and [24]. The novelty in our
case is that we consider high-scale supersymmetry, so our reheat-
ing temperature is much higher compared to these references.
2 As we will see, our result will not depend drastically on this
hypothesis
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those of the SM. In particular for a Higgs boson
of 126 GeV, it leads to a vanishing of the quartic
coupling at scales of order 2⇥1010 GeV to 3⇥1011
GeV depending on the assumption on the degener-
acy of super particles soft masses, the exact value
of the top mass and the strong interaction gauge
coupling (see for instance [21]), so we take:
MSUSY . {1010   1011}GeV (4)
Allowed supersymmetry breaking scales beyond
this value can be achieved by a modification of the
RGEs through introduction of new light particles.
We shall not discuss these cases in details here, the
generalisation being straightforward.
2. The cosmological parameter:
The cosmological history described here starts af-
ter the Universe is reheated. Some assumptions
are made for this epoch: (i) The reheating temper-
ature TRH is small enough to not produce super-
partners of the S a dard Model particles, there f
TRH . MSUSY (ii) in the reheati g process gold-
stinos are scarcely produced. This second condi-
tion is a constraint of the nature of the inflaton,
its scalar potential and the branching ratios in its
decay. A discussion of the production of goldstinos
at the end of inflation can be found for example in
[17] .
We consider that the dark matter gravitino inter-
actions are well approximated by the helicity ±1/2
components. This is true in virtue of t e equiva-
lence theorem if the energy E of the gravitinos is
much bigger than their mass. Approximating the
former by the temperature T of the SM particles
in equilibrium leads to the mass hierarchies that
defines the self-consistency of our setup:
m3/2 ⌧ TRH .MSUSY .
p
F . ⇤mess ⌧MPl
(5)
Note that our bound on the reheating temperature
is compatible with thermal leptogenesis. In fact,
a lower bound of the reheating temperature is ob-
tained when the latter is identified with the mass of
the lightest right handed neutrino. It is at most of
order 109 GeV but can be lower depending on as-
sumptions on the neutrinos initial abundance and
mass hierarchies (see for example [22]).
III. GOLDSTINO DARK MATTER
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One can deduce the vierbe n of the theory, just from th  hypoth sis that the 
longitudinal part of the gravitino is the goldstino of the SUSY transformation*
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Then the 2! 2 scatterings for the goldstino production
is dominated by the following operators3
i
2F 2
(G µ@⌫G¯  @⌫G µG¯)(@µH@⌫H† + @µH@⌫H†),
1
8F 2
(G µ@⌫G¯  @⌫G µG¯)⇥
( ¯ ¯⌫@µ +  ¯ ¯µ@⌫   @µ  ¯⌫   @⌫  ¯µ ),X
a
i
2F 2
(G ⇠@µG¯  @µG ⇠G¯)Fµ⌫aF a⌫⇠, (10)
where h,  and F a⌫⇠ stand for a complex scalar (Higgs
doublet), auge bosons and two-component fermions
(qu rks and leptons), respectively. The expression of
these interactions in four-components Dirac spinors and
 -matrices notation is provided in the appendix. An-
other way to describe the two goldstinos interactio s to
matter is to replace the superpartner soft mass terms
by couplings between the goldstino superfield and the
matter superfield multiplets. One can integrate out the
heavy (superpartner) components and to eliminate them
as a function of the light degrees of freedom : the SM
fields and goldstino. This leads to an e↵ective low-energy
theory where the incomplete ultiplets are describ d in
terms of constrained superfields [27, 29]. The kinetic
terms of the sparticles will then lead to dimension-eight
operators containing two goldstinos and two SM fields
that generically di↵er from the ones computed from the
low-energy theorem couplings [26]. For the gauge and the
SM fermion sectors, the resulting cross sections only dif-
fer in the angular distribution and numerical constants,
whereas the energy dependence is the same as for the
low energy theorem couplings.
Since the masses of the superpartners are of order
MSUSY < F , one can worry about e↵ective oper-
ators generated after decoupling heavy superpartners,
with larger coe cients. In particular, there can be
dimension-eight operators proportional to 1/M4SUSY and
1/M2SUSY F , that would be dominant over the universal
couplings we use in our paper. This issue was investi-
gated in the first reference in [29], where it was shown
that starting from MSSM only dimension-eight R-parity
violating couplings of this type are generated. Their ef-
fect on the gravitino production was investigated more
recently in [24].
3 See the appendix for the expression of these operators in 4-
component Dirac spinors and  -matrices notation.
B. Computation of the gravitino relic density
1. The framework
Contrarily to the weakly interacting neutralino, the grav-
itino falls in the category of feebly interacting dark mat-
ter. Its interactions at high energies are goverened by
the helicity-1/2 component whose couplings are natu-
rally suppressed by the supersymmetry breaking scale.
In gravity mediated supersymmetry breaking the grav-
itino is often heavier than the supersymmetric spectrum
that it generates. As a consequence, if the gravitino is not
su ciently heavy (ie below 30 TeV) it is a long-lived par-
ticle which usually decay around the BBN epoch. This
gives rise to the famous ”gravitino problem” [31, 32]. In
that case, in order to minimize the observable e↵ects,
th gravitino density has to be small enough at the cost
of an upper bound on the reheating temperature of the
Universe (see eg [33]). On the other hand, if gravitino is
the LSP, it can be a very good dark matter candidate, ei-
ther as stable or metastable particle, with lifetime much
longer than the age of the Universe. The gravitino was
in fact the first supersymmetric dark matter candidate
ever proposed by Pagels and Primack [34]. Then sev-
eral groups generalised and refined the thermal analysis
and computed the relic abundance of gravitino [35, 36],
assuming that the goldstino component dominates the
production, i.e. the gravitino is su ciently lighter than
the other superpartners. The relic abundance of graviti-
nos is then given by
⌦3/2h
2 ⇠ 0.3
✓
1 GeV
m3/2
◆✓
TRH
1010 GeV
◆X
i
ci
✓
Mi
100 GeV
◆2
,
(11)
where ci are coe cient of order one, andMi are the three
gaugino masses. We clearly see from Eq.(11) that the
density is settled by the reheating temperature. Lower
limits onM3 obtained by the non-observation of gluino at
LHC set (for a given gravitino mass) an upper limit on re-
heating temperature to avoid overclosure of the Universe.
These constraints are usually in tension with baryogene-
sis mechanisms [22].
On the other hand, all the scenario discussed above
made the hypothesis of thermal production of gravitino,
through supersymmetric partners in thermal equilibrium
with the primordial plasma. However, if for some reasons
the supersymmetric breaking scale is above the reheating
temperature, the SM superpartners will be too heavy to
reach the thermal equilibrium. A way to produce then
the gravitino as a dark matter candidate is through a
freeze-in mechanism. In this scenario, the gravitinos are
produced at a rate smaller than the one corresponding
to the expansion of the Universe, therefore they do not
have time to reach the thermal equilibrium. It ”freezes
in” in the process to reach it as the strong suppression of
the scattering cross sections by the scale F 2 in Eq.(10)
prevents the gravitinos to be in thermal equilibrium with
Which gives the Lagrangian between the SM and the goldstino
Notice how the Lagrangi n has suppressed coupling (1/F2) and strong energy/
temperature dependance  
I. Antoniadis, E. Dudas, D. M. Ghilencea and P. Tziveloglou, Nucl. Phys. B 841 (2010) 157
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3
ators of supersymmetry breaking2. We expect ⇤mess  
MSUSY . Thus MSUSY > m  translates to F > m2 . The
gravitino mass is also determined by F [39],
m3/2 =
Fp
3MP
(6)
And hence we have a lower bound on the gravitino mass
given by
m3/2 >
m2 p
3MP
' 0.2 EeV (7)
Thus we have a gravitino mass gap between 4 TeV and
0.2 EeV which remains cosmologically problematic.
B. Gravitino Production
Clearly the LHC bounds can be satisfied if the sparticle
mass spectrum lies above a few TeV. The direct detection
limits can also be satisfied as the spectrum approaches
its upper limit [7]. It is also possible that the dark matter
lies beyond the MSSM and has weaker couplings to mat-
ter, e.g. through a t-channel exchange of a massive Z’ or
Higgs as shown in [44] or invoking a pseudoscalar or pure
axial mediator to velocity suppress  scatN [45, 46]. Fur-
thermore, if the dark matter couples too weakly with the
standard model, it will never reach thermal equilibrium
as its production rate is dndt = n
2
 h vi. The particle is
frozen in during the process of thermalization. The weak
coupling of the dark sector with the standard model can
be due to either an e↵ectively small coupling (of the or-
der of 10 10 ) [47] or because the mass of the mediator
between the two sectors is very large, as in the case of
Non-Equilibrium Thermal Dark Matter (NETDM) mod-
els [49].
By increasing the SUSY mass scale, we have also re-
moved most of the standard gravitino production mech-
anisms. Namely both NSLP decay, and the thermal pro-
duction from standard model annihilations such as gluon,
gluon! gluino, gravitino are no longer kinematically al-
lowed. The rate for the latter is well known [40, 41] and
scales as   ⇠ T 3M2SUSY /M2Pm23/2, where we have as-
sumed predominantly goldstino production in the limit
m3/2 ⌧ MSUSY . In this case, the gravitino abundance
is approximately n3/2/n  ⇠  /H ⇠ TM2SUSY /MPm23/2,
where we have simply taken the Hubble parameter as
T 2/MP .
In the limit that the SUSY mass scale is above the
inflationary scale, there remains, however, (at least) two
sources of gravitino production. Inflaton decay to grav-
itinos [41, 42], and thermal production of two gravitinos
2 These messengers could in principle also play a role in restoring
unification at high scale.
from the thermal bath (gluon, gluon ! gravitino, grav-
itino) [43] as this is only kinematically allowed channel.
A careful computation of the gravitino production rate
was derived in [43]
R = n2h vi ' 21.65⇥ T
12
F 4
(8)
where n is the number density of incoming states and we
see that the rate has a strong dependence on temperature
and is even stronger than the NETDM case [49] where
the dependence is R(T ) / T 8. This dependence can be
easily ascertained on dimensional grounds. Recall that
n / T 3, and for gravitino production, we expect h vi /
T 6/F 4. The consequences of such a high temperature
dependence are important: we expect that all gravitino
production will occur early and rapidly in the reheating
process. This di↵ers from the feably coupled case [47]
where the smallness of the dark matter coupling to the
standard model bath renders the production rate slower.
From the rate R(T ), we can determine that   ⇠
R/n ⇠ T 9/M4Pm43/2 (again assuming m3/2 ⌧ MSUSY )
leading to a gravitino abundance n3/2/n  ⇠  /H ⇠
T 7/M3Pm
4
3/2. More precisely, we find,
⌦3/2h
2 ' 0.11
✓
0.1 EeV
m3/2
◆3✓ TRH
2.0⇥ 1010 GeV
◆7
(9)
In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the more common thermal scenario [40], thus favoring
thermal leptogenesis [48].
C. Consequences for inflationary models
The reheating temperature appearing in Eq.(9) is gen-
erated by the decay of an inflaton field   of mass m  and
width   . We assume that the decay and thermalization
occur instantaneously at the time t ,   t  = 2  /3H =
c, where c ⇡ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]
TRH =
✓
10
gs
◆1/4✓2   MP
⇡ c
◆1/2
= 0.55
y 
2⇡
✓
m  MP
c
◆1/2
(10)
where we have defined a standard ”yukawa”-like coupling
y  of the inflaton field to the thermal bath,    =
y2 
8⇡m 
and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
can then re-express the relic abundance (9) as function
of y :
⌦3/2h
2 ' 0.11
✓
0.1 EeV
m3/2
◆3✓ m 
3⇥ 1013GeV
◆7/2✓ y 
2.9⇥ 10 5
◆7
(11)
K. Benakli, Y. Chen, E. Dudas and Y.M. arXiv:1701.06574 
The Freeze-In mechanism  (FI)
5
the Standard Model bath.
2. Gravitino production through freeze in
From the interaction generated through the lagrangian
Eq.(10), one can compute the production rate R =
n2eqh vi of the gravitino G˜, generated by the annihilation
of the standard model bath of density neq. The detail of
the computation is developed in the appendix Eq.(27),
and we obtain
R =
X
i
n2eqh vii ' 21.65⇥
T 12
F 4
(12)
The Boltzmann equation for the gravitino density n3/2
can be written
dY3/2
dx
=
✓
45
g⇤⇡
◆3/2 1
4⇡2
MP
m53/2
x4R, (13)
with x = m3/2/T , Y3/2 = n3/2/s, s the density of en-
tropy and g⇤ is the e↵ective number of degrees of freedom
thermalized at the time of gravitino decoupling (106.75
for the Standard Model). Here, we use the Planck mass
MP = 1.2⇥ 1019 GeV. We then obtain after integration
Y3/2 =
21.65MPT 7RH
28⇡2F 4
✓
45
g⇤⇡
◆3/2
' 3.85⇥ 10 3 MPT
7
RH
F 4
(14)
The relic abundance
⌦h2 =
⇢3/2
⇢0c
=
Y3/2 s0 m3/2
⇢0c
' 5.84⇥ 108 Y3/2
⇣ m3/2
1 GeV
⌘
(15)
is then
⌦3/2h
2 ' 0.11
✓
100 GeV
m3/2
◆3✓ TRH
5.4⇥ 107 GeV
◆7
(16)
As we notice, the dependence on the reheating tempera-
ture is completely di↵erent from the case where the grav-
itino is produced through the scattering of the gaugino in
Eq.(11). A similar behavior can be observed in SO(10)
framework [37] or in extended neutrino sectors [23] . All
these models have in common that the production pro-
cess appears at the beginning of the thermal history, and
is then very mildly dependent on the hypothesis or the
physics appearing after reheating. The reheating tem-
perature is then a prediction of the model (for a given
gravitino mass) once one applies the experimental con-
straints of WMAP [38] and PLANCK [39]. Another in-
teresting point, is that a look at Eqs.(14) and (16) shows
that even the dependance on the particle content is very
mild. Indeed, due to the large power T 7RH, the total num-
ber of degrees of freedom, or even channels does not in-
fluence that much the final reheating temperature, which
is predicted to be around 108 GeV for a gravitino with
electroweak scale. Even the hypothesis of universal cou-
plings [25] or non-universal ones [26, 27] will not a↵ect
drastically our Eq.(16).
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FIG. 1: Region in the parameter space (m3/2;TRH) respecting
the relic abundance constraint [38, 39] from Eq.(16). The points
above the black line are excluded because gravitino would overclose
the Universe. The blue line constraint is from the Higgs mass with
an observed value 125 GeV, which sets a upper limit for the scale
of supersymmetry breaking (Eq.4).
Our result is plotted in Fig.(1) where we represent
the parameter space allowed by the relic abundance con-
straints ⌦3/2h
2 ' 0.12 [38, 39]. As we notice, there exist
a large part of the parameter space allowed by cosmol-
ogy, giving reasonable values of TRH ' 105 1010 GeV for
a large range of gravitino masses MeV-PeV. The region
below the orange (dashed) line is excluded as the grav-
itino would be too heavy to be produced by freeze–in
mechanism, whereas the region above the green (dotted)
line corresponds to a freeze out scenario. In the latter
region, the production cross section h vi is su ciently
high to reach the thermal equilibrium. This occurs when
nh vi & H(TRH) ' T 2RH/MPl. A quick look at Eq.(12)
shows that such large cross section is obtained for high re-
heating temperature or small values of F (and thus light
gravitino), explaining the shape of the green region in
Fig.(1). However, once the gravitino is in thermal equi-
librium, its density is given by the classical Freeze Out
(FO) mechanism
⌦FO3/2 =
n3/2m3/2
⇢0c
) ' 0.1
⇣ m3/2
180 eV
⌘
(17)
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ators of supersymmetry breaking2. We expect ⇤mess  
MSUSY . Thus MSUSY > m  translates to F > m2 . The
gravitino mass is also determined by F [39],
m3/2 =
Fp
3MP
(6)
And hence we have a lower bound on the gravitino mass
given by
m3/2 >
m2 p
3MP
' 0.2 EeV (7)
Thus we have a gravitino mass gap between 4 TeV and
0.2 EeV which remains cosmologically problematic.
B. Grav in Prod ctio
Clearly the LHC bounds can b satisfied if he sparticle
mass spectrum lies above a few TeV. The direct detection
limits can also be satisfied as the spectrum approaches
its upper limit [7]. It is also possible that the dark matter
lies beyond the MSSM and has weaker couplings to mat-
ter, e.g. through a t-channel exchange of a massive Z’ or
Higgs as shown i [44] or invoking a pseudoscalar or pure
axial mediator to velocity suppress  scatN [45, 46]. Fur-
thermore, if the dark matter couples too weakly with the
standard model, it will never reach thermal equilibrium
as its production rate is dndt n
2
 h vi. The particle is
frozen in during the process of thermalization. The weak
coupling of the dark sector with the standard model can
be due to either an e↵ectively small coupling (of the or-
der of 10 10 ) [47] or because the mass of the mediator
between the two sectors is very large, as in the case of
Non-Equilibrium Therm l Dark Matter (NETDM) mod-
els [49].
By increasing the SUSY mass scale, we have also re-
moved most of the standard gravitino production mech-
anisms. Namely both NSLP decay, and the thermal pro-
duction from standard model annihilations such as luon,
gluon! gluino, gravitino are no longer kinematically al-
lowed. The rate for th latter is w ll known [40, 41] and
scales as   ⇠ T 3M2SUSY /M2Pm23/2, where we have as-
sumed predominantly goldstin production in the limit
m3/2 ⌧ MSUSY . In this case, the gravitino abundance
is approximately n3/2/n  ⇠  /H ⇠ TM2SUSY /MPm23/2,
where we have simply taken the Hubble parameter as
T 2/MP .
In the limit that the SUSY mass scale is above the
inflationary scale, there remains, however, (at least) two
sources of gravitino production. Inflaton decay to grav-
itinos [41, 42], and thermal production of two gravitinos
2 These messengers could in principle also play a role in restoring
unification at high scale.
from the thermal bath (gluon, gluon ! gravitino, grav-
itino) [43] as this is only kinematically allowed channel.
A careful computation of the gravitino production rate
was derived in [43]
R = n2h vi ' 21.65⇥ T
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F 4
(8)
where n is the number density of incoming states and we
see that the rate has a strong dependence on temperature
and is even stronger than the NETDM case [49] where
the dependence is R(T ) / T 8. This dependence can be
easily ascertained on dimensional grounds. Recall that
n / T 3, and for gravitino production, we expect h vi /
T 6/F 4. The consequences of such a high temperature
dependence are important: we expect that all gravitino
pro uction will occur early and rapidly in the reheating
process. This d ↵ rs from the feably coupled case [47]
where the smallness of the dark matter coupling to the
standard model bath renders the production rate slower.
Fr m the rate R(T ), we can determine that   ⇠
R/n ⇠ T 9/M4Pm43/2 (again assuming m3/2 ⌧ MSUSY )
leading to a gravitino abundance n3/2/n  ⇠  /H ⇠
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4
3/2. More precisely, we find,
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In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the m re comm n thermal scenario [40], thus favoring
thermal leptogenesis [48].
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where we have defined a standard ”yukawa”-like coupling
y  of the inflaton field to the thermal bath,    =
y2 
8⇡m 
and gs is the e↵ective number of light degrees of freedom
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0.2 EeV which remains cosmologically problematic.
B. Gravitino Production
Clearly the LHC bounds can be satisfied if the sparticle
mass spectrum lies above a few TeV. The direct detection
limits can also b satisfi d as the spectrum approaches
its upper limit [7]. It is also possible that the dark matter
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thermore, if the dark matter couples too weakly with the
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frozen in during the process of thermalization. The weak
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be due to either an e↵ectively s all coupling (of the or-
der of 10 10 ) [47] or because the mass of the mediator
between the two sectors is very large, as in the case of
Non-Equilibrium Ther al Dark Matter (NETDM) mod-
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lowed. The rate for the latter is well known [40, 41] and
scales as   ⇠ T 3M2SUSY /M2Pm23/2, where we have as-
sumed predominantly goldstino production in the limit
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In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the more common thermal scenario [40], thus favoring
thermal leptogenesis [48].
C. Conseque ces for inflationary models
The reheating temperature appearing in Eq.(9) is gen-
erated by the decay of an inflaton field   of mass m  and
width   . We assume that the decay and thermalization
occur insta taneously at the time t ,   t  = 2  /3H =
c, where c ⇡ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]
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where we have defined a standard ”yukawa”-like coupling
y  of the inflaton fi ld to the thermal bath,    =
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and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
can then re-express the relic abundance (9) as function
of y :
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2. Gravitino production through freeze in
From the interaction generated through the lagrangian
Eq.(10), one can compute the production rate R =
n2eqh vi of the gravitino G˜, generated by the annihilation
of the standard model bath of density neq. The detail of
the computation is developed in the appendix Eq.(27),
and we obtain
R =
X
i
n2eqh vii ' 21.65⇥
T 12
F 4
(12)
The Boltzmann equation for the gravitino density n3/2
can be written
dY3/2
dx
=
✓
45
g⇤⇡
◆3/2 1
4⇡2
MP
m53/2
x4R, (13)
with x = m3/2/T , Y3/2 = n3/2/s, s the density of en-
tropy and g⇤ is the e↵ective number of degrees of freedom
thermalized at the time of gravitino decoupling (106.75
for the Standard Model). Here, we use the Planck mass
MP = 1.2⇥ 1019 GeV. We then obtain after integration
Y3/2 =
21.65MPT 7RH
28⇡2F 4
✓
45
g⇤⇡
◆3/2
' 3.85⇥ 10 3 MPT
7
RH
F 4
(14)
The relic abundance
⌦h2 =
⇢3/2
⇢0c
=
Y3/2 s0 m3/2
⇢0c
' 5.84⇥ 108 Y3/2
⇣ m3/2
1 GeV
⌘
(15)
is then
⌦3/2h
2 ' 0.11
✓
100 GeV
m3/2
◆3✓ TRH
5.4⇥ 107 GeV
◆7
(16)
As we notice, the dependence on the reheating tempera-
ture is completely di↵erent from the case where the grav-
itino is produced through the scattering of the gaugino in
Eq.(11). A similar behavior can be observed in SO(10)
framework [37] or in extended neutrino sectors [23] . All
these models have in common that the production pro-
cess appears at the beginning of the thermal history, and
is then very mildly dependent on the hypothesis or the
physics appearing after reheating. The reheating tem-
perature is then a prediction of the model (for a given
gravitino mass) once one applies the experimental con-
straints of WMAP [38] and PLANCK [39]. Another in-
teresting point, is that a look at Eqs.(14) and (16) shows
that even the dependance on the particle content is very
mild. Indeed, due to the large power T 7RH, the total num-
ber of degrees of freedom, or even channels does not in-
fluence that much the final reheating temperature, which
is predicted to be around 108 GeV for a gravitino with
electroweak scale. Even the hypothesis of universal cou-
plings [25] or non-universal ones [26, 27] will not a↵ect
drastically our Eq.(16).
FIG. 1: Region in the parameter space (m3/2;TRH) respecting
the relic abundance constraint [38, 39] from Eq.(16). The points
above the black line are excluded because gravitino would overclose
the Universe. The blue line constraint is from the Higgs mass with
an observed value 125 GeV, which sets a upper limit for the scale
of supersymmetry breaking (Eq.4).
Our result is plotted in Fig.(1) where we represent
the parameter space allowed by the relic abundance con-
straints ⌦3/2h
2 ' 0.12 [38, 39]. As we notice, there exist
a large part of the parameter space allowed by cosmol-
ogy, giving reasonable values of TRH ' 105 1010 GeV for
a large range of gravitino masses MeV-PeV. The region
below the orange (dashed) line is excluded as the grav-
itino would be too heavy to be produced by freeze–in
mechanism, whereas the region above the green (dotted)
line corresponds to a freeze out scenario. In the latter
region, the production cross section h vi is su ciently
high to reach the thermal equilibrium. This occurs when
nh vi & H(TRH) ' T 2RH/MPl. A quick look at Eq.(12)
shows that such large cross section is obtained for high re-
heating temperature or small values of F (and thus light
gravitino), explaining the shape of the green region in
Fig.(1). However, once the gravitino is in thermal equi-
librium, its density is given by the classical Freeze Out
(FO) mechanism
⌦FO3/2 =
n3/2m3/2
⇢0c
) ' 0.1
⇣ m3/2
180 eV
⌘
(17)
Including inflaton decay
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m3/2 =
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And hence we have a lower bound on the gravitino mass
given by
m3/2 >
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3MP
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Thus we have a gravitino mass gap between 4 TeV and
0.2 EeV which remains cosmologically problematic.
B. Grav in Prod ctio
Clearly the LHC bounds can b satisfied if he sparticle
mass spectrum lies above a few TeV. The direct detection
limits can also be satisfied as the spectrum approaches
its upper limit [7]. It is also possible that the dark matter
lies beyond the MSSM and has weaker couplings to mat-
ter, e.g. through a t-channel exchange of a massive Z’ or
Higgs as shown i [44] or invoking a pseudoscalar or pure
axial mediator to velocity suppress  scatN [45, 46]. Fur-
thermore, if the dark matter couples too weakly with the
standard model, it will never reach thermal equilibrium
as its production rate is dndt n
2
 h vi. The particle is
frozen in during the process of thermalization. The weak
coupling of the dark sector with the standard model can
be due to either an e↵ectively small coupling (of the or-
der of 10 10 ) [47] or because the mass of the mediator
between the two sectors is very large, as in the case of
Non-Equilibrium Therm l Dark Matter (NETDM) mod-
els [49].
By increasing the SUSY mass scale, we have also re-
moved most of the standard gravitino production mech-
anisms. Namely both NSLP decay, and the thermal pro-
duction from standard model annihilations such as luon,
gluon! gluino, gravitino are no longer kinematically al-
lowed. The rate for th latter is w ll known [40, 41] and
scales as   ⇠ T 3M2SUSY /M2Pm23/2, where we have as-
sumed predominantly goldstin production in the limit
m3/2 ⌧ MSUSY . In this case, the gravitino abundance
is approximately n3/2/n  ⇠  /H ⇠ TM2SUSY /MPm23/2,
where we have simply taken the Hubble parameter as
T 2/MP .
In the limit that the SUSY mass scale is above the
inflationary scale, there remains, however, (at least) two
sources of gravitino production. Inflaton decay to grav-
itinos [41, 42], and thermal production of two gravitinos
2 These messengers could in principle also play a role in restoring
unification at high scale.
from the thermal bath (gluon, gluon ! gravitino, grav-
itino) [43] as this is only kinematically allowed channel.
A careful computation of the gravitino production rate
was derived in [43]
R = n2h vi ' 21.65⇥ T
12
F 4
(8)
where n is the number density of incoming states and we
see that the rate has a strong dependence on temperature
and is even stronger than the NETDM case [49] where
the dependence is R(T ) / T 8. This dependence can be
easily ascertained on dimensional grounds. Recall that
n / T 3, and for gravitino production, we expect h vi /
T 6/F 4. The consequences of such a high temperature
dependence are important: we expect that all gravitino
pro uction will occur early and rapidly in the reheating
process. This d ↵ rs from the feably coupled case [47]
where the smallness of the dark matter coupling to the
standard model bath renders the production rate slower.
Fr m the rate R(T ), we can determine that   ⇠
R/n ⇠ T 9/M4Pm43/2 (again assuming m3/2 ⌧ MSUSY )
leading to a gravitino abundance n3/2/n  ⇠  /H ⇠
T 7/M3Pm
4
3/2. More precisely, we find,
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In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the m re comm n thermal scenario [40], thus favoring
thermal leptogenesis [48].
C. Consequences for inflationary models
The reheating temperature appearing in Eq.(9) is gen-
erated y e decay of an inflaton field   of mass m  and
width   . We assume that the decay and thermalization
occur instantaneously at the time t ,   t  = 2  /3H =
c, where c ⇡ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]
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where we have defined a standard ”yukawa”-like coupling
y  of the inflaton field to the thermal bath,    =
y2 
8⇡m 
and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
can then re-express the relic abundance (9) as function
of y :
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m3/2 >
m2 p
3MP
' 0.2 EeV (7)
Thus we have a gravitino mass gap between 4 TeV and
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B. Gravitino Production
Clearly the LHC bounds can be satisfied if the sparticle
mass spectrum lies above a few TeV. The direct detection
limits can also b satisfi d as the spectrum approaches
its upper limit [7]. It is also possible that the dark matter
lies beyond the MSSM and has weaker couplings to mat-
ter, e.g. through a t-channel exchange of a massive Z’ or
Higgs as shown in [44] or invoking a pseudoscalar or pure
axial mediator to velocity suppress  scatN [45, 46]. Fur-
thermore, if the dark matter couples too weakly with the
standard model, it will never reach ther l equilibrium
as its production ate is dndt = n
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 h vi. The particle is
frozen in during the process of thermalization. The weak
coupling of the dark sector with the standard model can
be due to either an e↵ectively s all coupling (of the or-
der of 10 10 ) [47] or because the mass of the mediator
between the two sectors is very large, as in the case of
Non-Equilibrium Ther al Dark Matter (NETDM) mod-
els [49].
By increasing the SUSY mass scale, we have also re-
moved most of the standard gravitino producti n mech-
anisms. Namely both NSLP decay, and the thermal pro-
duction from st nd rd model annihilations such as gluon,
gluon! gluino, gravitino are no longer kinematically al-
lowed. The rate for the latter is well known [40, 41] and
scales as   ⇠ T 3M2SUSY /M2Pm23/2, where we have as-
sumed predominantly goldstino production in the limit
m3/2 ⌧ MSUSY . In this case, the gravitino abundance
is approximately n3/2/n  ⇠  /H ⇠ TM2SUSY /MPm23/2,
where we have simply tak n th Hubble parameter as
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In the li it that the SUSY mass scale is above th
inflationary scale, there remains, however, (at least) two
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itino) [43] as this is only kinematically allowed channel.
A careful computation of the gravitino production rate
was derived in [43]
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F 4
(8)
where n is the number density of incoming states and we
see that the rate has a strong dependence on temperature
and is even stronger than the NETDM case [49] where
the depend nce is R(T ) / T 8. This dependence can be
easily asc rtained on dime sional grounds. Recall that
n / T 3, and for gravitino production, we expect h vi /
T 6/F 4. The consequences of such a high temperature
dependence are important: we expect that all gravitino
production will occur early and rapidly in the reheating
process. This di↵ers from the feably coupled case [47]
where the small ess of the dark matter coupling to the
standard model bath renders the production rate slower.
From the rate R(T ), we can determine that   ⇠
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In the absence of direct inflaton decays, a gravitino at the
lower mass limit (7) would require a reheating tempera-
ture of roughly 3 ⇥ 1010 GeV, above the upper limit al-
lowed by the relic abundance constraint (TR . 107 GeV)
in the more common thermal scenario [40], thus favoring
thermal leptogenesis [48].
C. Conseque ces for inflationary models
The reheating temperature appearing in Eq.(9) is gen-
erated by the decay of an inflaton field   of mass m  and
width   . We assume that the decay and thermalization
occur insta taneously at the time t ,   t  = 2  /3H =
c, where c ⇡ 1.2 is a constant. In this case, the reheating
temperature is given by [41, 50]
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where we have defined a standard ”yukawa”-like coupling
y  of the inflaton fi ld to the thermal bath,    =
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and gs is the e↵ective number of light degrees of freedom
in this case set by the Standard Model, gs = 427/4. We
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FIG. 1. Region of the parameter space allowed by PLANCK
constraints [32] in the plane (m3/2, y ) for di↵erent values of the
branching ratio B3/2 and m  = 3 ⇥ 1013 GeV (see the text for
details).
where we have set c = 1.2. The cosmological constraint is
plotted in Fig.(1) in the (m3/2, y ) plane, where we show
the region allowed by PLANCK [32]. The black (solid)
line represents the PLANCK constraint ⌦h2 = 0.11. One
immediately sees the linear increase in the Yukawa cou-
pling y  with increasing gravitino mass in order to coun-
terbalance the weakening of the e↵ective coupling 1/F
responsible for its production in the thermal bath.
A large inflaton-matter coupling produces a high re-
heating temperature, which in turn increases the grav-
itino abundance. Then, as one can see from Eq.(11), the
solid curve in Fig. 1 is an upper bound on y  to avoid
an overabundant gravitino. In fact, one can extract an
upper bound on y  independent of m3/2 simply requir-
ing m3/2 < TRH , a necessary condition for the gravitino
to be thermally produced. The condition m3/2 < TRH
implemented in Eq.(11) with the expression (10) gives
y  . 1.6⇥ 10 3
✓
3⇥ 1013 GeV
m 
◆1/2
, (12)
shown as the horizontal dashed line in the Figure 1. We
can then extract the maximum reheating temperature
TRH . 1.1⇥1012 GeV. Combined with the condition (7)
m3/2 > 0.2 EeV, the relic abundance constraint (9) gives
2.7⇥ 1010 GeV . TRH . 1.1⇥ 1012 GeV (13)
which is a strong prediction of our model.
D. Gravitino production by inflaton decay
It is also possible to produce gravitinos through the
direct decay of the inflaton. For example, in no-scale
supergravity models of inflation, the decay of the infla-
ton to gravitinos is highly suppressed. In simple models,
there is no coupling at the tree-level [51]. However, it is
possible to couple the inflaton to moduli without spoiling
the inflationary potential [41, 42]. We can parameterize
the decay to a pair of gravitinos as  3/2 = m 
y23/2
72⇡ .
The branching ratio of decays to gravitinos is then
B3/2 =  3/2/   =
|y3/2|2
9y2 
. (14)
Using the result from [41] for the gravitino abundance
produced by inflaton decay at the epoch of reheating, we
get
n3/2
n 
⇡ 3.6B3/2 (  MP)
1/2
m 
⇡ 0.7B3/2y 
✓
MP
m 
◆1/2
(15)
corresponding to
⌦decay3/2 h
2 = 0.11
✓
B3/2
1.3⇥ 10 13
◆✓
y 
2.9⇥ 10 5
◆
(16)
⇥
⇣ m3/2
0.1 EeV
⌘✓3⇥ 1013 GeV
m 
◆1/2
.
today.
The condition (7) is then translated into
B3/2y  =
|y3/2|2
9|y | . 1.9⇥ 10
 18
✓
0.1 EeV
m3/2
◆
(17)
for m  = 3 ⇥ 1013 GeV. Contrary to the case of ther-
mal gravitino production, our limit to the coupling y 
is strengthened as m3/2 is increased when gravitino pro-
duction occurs through inflaton decay. Since the den-
sity through the decay of the inflaton is proportional to
n B3/2m3/2, where m n  is the inflaton energy density,
the limit on the coupling is improved when either the
branching ratio or the gravitino mass is increased.
This result is also shown in Fig.(1) where we clearly see
the changing in the slope for larger value of B3/2 > 10
 19
where the direct production from inflaton decay may
dominate over the thermal production. We note that the
constraints obtained on the inflaton coupling to graviti-
nos are strong. We recall, however, that in no-scale mod-
els of inflation [41, 42, 51] and in classes of inflationary
models with so-called stabilized field [52, 53], this cou-
pling is naturally very small. Finally, we point out that in
the case of the direct production of the gravitino through
inflaton decay, both the ±3/2 and the ±1/2 components
of the gravitino populate the Universe, whereas in the
case of thermal production (Eq.9) only the longitudinal
goldstino component contributes to the relic abundance.
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branching ratio B3/2 and m  = 3 ⇥ 1013 GeV (see the text for
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where we have set c = 1.2. The cosmological constraint is
plotted in Fig.(1) in the (m3/2, y ) plane, where we show
the region allowed by PLANCK [32]. The black (solid)
line represents the PLANCK constraint ⌦h2 = 0.11. One
immediately sees the linear increase in the Yukawa cou-
pling y  with increasing gravitino mass in order to coun-
terbalance the weakening of the e↵ective coupling 1/F
responsible for its production in the thermal bath.
A large inflaton-matter coupling produces a high re-
heating temperature, which in turn increases the grav-
itino abundance. Then, as one can see from Eq.(11), the
solid curve in Fig. 1 is an upper bound on y  to avoid
an overabundant gravitino. In fact, one can extract an
upper bound on y  independent of m3/2 simply requir-
ing m3/2 < TRH , a necessary condition for the gravitino
to be thermally produced. The condition m3/2 < TRH
implemented in Eq.(11) with the expression (10) gives
y  . 1.6⇥ 10 3
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3⇥ 1013 GeV
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shown as the horizontal dashed line in the Figure 1. We
can then extract the maximum reheating temperature
TRH . 1.1⇥1012 GeV. Combined with the condition (7)
m3/2 > 0.2 EeV, the relic abundance constraint (9) gives
2.7⇥ 1010 GeV . TRH . 1.1⇥ 1012 GeV (13)
which is a strong prediction of our model.
D. Gravitino production by inflaton decay
It is also possible to produce gravitinos through the
direct decay of the inflaton. For example, in no-scale
supergravity m els of inflation, the decay of the infla-
ton to gravitinos is highly suppressed. In simple models,
there is no coupling at the ree-level [51]. However, it is
possible to couple the inflaton to moduli without spoiling
t e inflationary p tential [41, 42]. We can parameterize
the decay to a pair of gravitinos as  3/2 = m 
y23/2
72⇡ .
The branching ratio of decays to gravitinos is then
B3/2 =  3/2/   =
|y3/2|2
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Using t result from [41] for the gravitino abundance
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mal gravitino production, our limit to the coupling y 
i strengthened as m3/2 is i creased when gravitino pro-
duction occurs through inflaton decay. Since the den-
sity through the decay of the inflaton is proportional to
n B3/2m3/2, where m n  is the inflaton energy density,
the limit on the coupling is improved when either the
branching ratio or the gravitino mass is increased.
This result is also shown in Fig.(1) where we clearly see
the changi g i the slope for larger value of B3/2 > 10
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where the direct production from inflaton decay may
dominate over the thermal production. We note that the
constraints obtained on the inflaton coupling to graviti-
nos are strong. We recall, however, that in no-scale mod-
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line represents the PLANCK constraint ⌦h2 = 0.11. One
immediately sees the linear increase in the Yukawa cou-
pling y  with increasing gravitino mass in order to coun-
terbalance the weakening of the e↵ective coupling 1/F
responsible for its production in the thermal bath.
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heating temperature, which in turn increases the grav-
itino abundance. Then, as one can see from Eq.(11), the
solid curve in Fig. 1 is an upper bound on y  to avoid
an overabundant gravitino. In fact, one can extract an
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shown as the horizontal dashed line in the Figure 1. We
can then extract the maximum reheating temperature
TRH . 1.1⇥1012 GeV. Combined with the condition (7)
m3/2 > 0.2 EeV, the relic abundance constraint (9) gives
2.7⇥ 1010 GeV . TRH . 1.1⇥ 1012 GeV (13)
which is a strong prediction of our model.
D. Gravitino production by inflaton decay
It is also possible to produce gravitinos through the
direct decay of the inflaton. For example, in no-scale
supergravity models of inflation, the decay of the infla-
ton to gravitinos is highly suppressed. In simple models,
there is no coupling at the tree-level [51]. However, it is
possible to couple the inflaton to moduli without spoiling
the inflationary potential [41, 42]. We can parameterize
the decay to a pair of gravitinos as  3/2 = m 
y23/2
72⇡ .
The branching ratio of decays to gravitinos is then
B3/2 =  3/2/   =
|y3/2|2
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. (14)
Using the result from [41] for the gravitino abundance
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for m  = 3 ⇥ 1013 GeV. Contrary to the case of ther-
mal gravitino production, our limit to the coupling y 
is strengthened as m3/2 is increased when gravitino pro-
duction occurs through inflaton decay. Since the den-
sity through the decay of the inflaton is proportional to
n B3/2m3/2, where m n  is the inflaton energy density,
the limit on the coupling is improved when either the
branching ratio or the gravitino mass is increased.
This result is also shown in Fig.(1) where we clearly see
the changing in the slope for larger value of B3/2 > 10
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where the direct production from inflaton decay may
dominate over the thermal production. We note that the
constraints obtained on the inflaton coupling to graviti-
nos are strong. We recall, however, that in no-scale mod-
els of inflation [41, 42, 51] and in classes of inflationary
models with so-called stabilized field [52, 53], this cou-
pling is naturally very small. Finally, we point out that in
the case of the direct production of the gravitino through
inflaton decay, both the ±3/2 and the ±1/2 components
of the gravitino populate the Universe, whereas in the
case of thermal production (Eq.9) only the longitudinal
goldstino component contributes to the relic abundance.
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Several mechanisms can enter in the game: scattering of 
thermal particles, or decays of heavier supersymmetric 
partners or through the freeze in mechanism. However, the 
constraints are still quite severe on the  gravitino mass if one 
wants to avoid its overabundance. 
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FIG. 1: Contours of Ω3/2h
2 = 0.11 for gaugino masses fixed
to {mb˜,mw˜,mg˜} = {100, 210, 638} GeV. The {red, orange,
yellow, green, blue} co tours correspo to universal scalar
masses {500 GeV, 1 TeV, 2 TeV, 4 TeV, 8 TeV}.
As we will see, the freeze-in abundance of gravitino
dark matter depends solely on the superpartner spectrum
and m3/2, a quantity which is straightforwardly inferred
from the mass and lifetime of the NLSP when it decays to
the gravitino LSP. Thus, for a given superpartner spec-
trum, the constraint of Ωdecay3/2 h
2 ≃ 0.11 entirely fixes the
lifetime of the NLSP. Because these quantities are exper-
imentally accessible, we chance upon the rather amazing
prospect of reconstructing the origin of gravitino dark
matter through collider measurements. For example, for
degenerate heavy squarks and gluinos at a mass m, the
NLSP lifetime is
τNLSP ≃ 10
−7 sec
( mNLSP
300 GeV
)( m
mNLSP
)6
, (2)
if gravitino freeze-in accounts for the present day abun-
dance of dark matter. Note that this proposal is a spe-
cific instance of the generalized cosmological scenario dis-
cussed in [5, 6].
While the lifetime τNLSP indicated by Eq. (2) is ef-
fectively long-lived on collider time scales, a number
of theoretical and experimental collaborations have sug-
gested that the LHC is capable of measuring the long-
lived decays of the sizable number of charged or colored
metastable NLSPs which will typically slow and eventu-
ally stop within the detector material. Suﬃciently long
lifetimes can easily arise in theories of split supersym-
metry [7], as well as theories with very weakly coupled
particles like gravitinos [8], axinos [9], goldstini [10, 11],
sterile sneutrinos [12], and dark matter [6, 13]. Hence,
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FIG. 2: Contours of Ω3/2h
2 = 0.11 for universal scalar masses
fixed to 500 GeV. The {red, orange, yellow, green, blue} con-
tours correspond to a bino mass mb˜ = {500 GeV, 1 TeV, 2
TeV, 4 TeV, 8 TeV}, where mw˜ and mg˜ are fixed assuming
gaugino mass unification at MGUT ∼ 10
16 GeV.
stopped NLSPs allow for a range of 10−9 − 106 sec to
be probed in early LHC running, and indeed bounds on
stopped gluinos have already been set by the CMS col-
laboration [14]. At higher luminosities, neutral NLSPs
might also be probed if their lifetimes lie in the range
10−9 − 10−5 sec. As such, gravitino freeze-in oﬀers a
novel mechanism of dark matter generation which has
direct implications for the LHC in the near term.
II. GRAVITINO COSMOLOGY
Assuming that the messenger scale of supersymme-
try breaking is below the Planck scale, then the grav-
itino is the lightest of all the superpartners and is thus
an attractive R-parity stabilized dark matter candidate.
Typically, the gravitino mass is considered in the range
keV ! m3/2 ! 1 GeV, where the lower bound arises
from warm dark matter constraints and the upper bound
arises from tension with BBN3. Broadly speaking, grav-
itinos are produced via three distinct physical mecha-
nisms, each with a much diﬀerent dependence on the re-
heating temperature after inflation, TR, and the gravitino
mass, m3/2.
3 The quantitative BBN bound on m3/2 varies with the nature
and mass of the NLSP. Moreover, in some cases it can be evaded
altogether, e.g. with sneutrino NLSP or R-parity violation.
MQ˜ = 8 TeV,
mG˜ = 638 GeV
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FIG. 1: The cosmologically allowed region in the (m3/2, m˜) plane, for a single scale SUSY with an LSP adhering to assumptions
(i)-(iv-B) discussed in the text. The gravitinos are (are not) thermalized to the left (right) of the orange dashed line (assuming
TR = m˜). Even when TR is as low as m˜, gravitinos provide too much dark matter in the red region, which has borders labelled
by the relevant process Th, FI or FO. As TR is increased the overclosed region becomes larger, as illustrated by the dashed
blue lines, because UV scattering at TR produces more gravitinos than freeze-in. At the edge of the red region (suitably
enlarged for TR > m˜) gravitinos provide the observed dark matter. In the region to the right of the slanted black dashed line
the gravitino is not the LSP; this is the conventional WIMP LSP freeze-out region, with a limit of 2.3 TeV for a wino LSP.
The green region is excluded by the e↵ects of late decays of LOSPs to gravitinos during big bang nucleosynthesis (BBN) [18];
light green shading corresponds to a neutral LOSP with 100% hadronic BR, and dark green shading to a neutral LOSP
with 1% hadronic BR and 99% electromagnetic BR. The BBN limits when the gravitino is not the LSP are model dependent
and are not shown [19]. The purple region next to the “Th” contour is excluded as the gravitino component of dark matter is
too warm [20]. The gray shading (and corresponding gray dashed and dotted lines) shows the regions with g2susy > 10 (3, 1),
which are excluded as described in the text.
ter, however, we take a di↵erent approach and derive the
cosmological bound on the superpartner mass scale for a
gravitino LSP. We find this bound to be strong, so that
under the quite mild assumptions of (i), (ii), (iii) and
(iv-A) or (iv-B), supersymmetry, if it exists, must be in
the (multi-) TeV domain. We also derive bounds for the
split spectrum case and scenarios where the LOSP does
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to DM since they would only strengthen the bound. A
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space.
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at T ⇠ m˜ [12, 13], Y FI3/2 , and LOSP freeze-out and de-
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itinos are in thermal equilibrium when T = m˜; in this
case Y UV3/2 + Y
FI
3/2 are replaced by a thermal abundance,
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tion [15, 16]. However, these additional sources of grav-
itinos only strengthen our bound, and to be conservative
we ignore them.
If gravitinos do not thermalize, the condition that they
not yield too large a DM abundance is
CUV
TRm˜2
m3/2
+ CFI
m˜3
m3/2
+ CFO
m˜m3/2
↵2e↵
 aMPlTeq ,
(2)
where a = 0.27 and ↵e↵ is now the coupling relevant for
LOSP annihilation. The three terms labelled UV, FI and
FO correspond to scattering at TR, freeze-in and freeze-
out and decay and occur with rate constants CUV =
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By a freeze in mechanism  
sourced in the Thermal bath
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Indeed, while the SUSY sector is not anymore in equilibrium with 
the thermal bath (and never was), there is still a possibility to 
produce gravitino through its vierbein (direct) coupling of its 
goldstino part to the SM.
This model by its simplicity and naturalness can be considered as 
« a minimal model of gravitino dark matter »
The scales in game  
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the reheat temperature. This scenario has a constraint
from Big Bang nucleosynthesis (BBN) since the late de-
cay of NLSP influences the nucleosynthesis mechanisms
strongly constrained by the observed abundance of D and
4He in the Universe [16]. The IR dominated productions
usually correspond to renormalizable operators or 2 ! 1
processes [2]. These are most e cient when the temper-
ature is near the FIMP mass. Thus the yields are not
dependent on the reheat temperature. On the contrast,
non-renormalizable operators usually lead to UV domi-
nated production and the final results are highly depen-
dent on the reheat temperature.
Gravitino is an universal prediction of local supersym-
metry models. Its role in cosmology depends on its abun-
dance and its lifetime. Even if in some non-minimal sce-
nario it can be non-thermally produced at the end of
inflation during preheating due to fine-tuned coupling to
the inflaton, the amount expected is model dependent
and can be small [17]. We will however not consider this
possibility in this work and will be instead be focus on
the case of thermal scenario production. The gravitinos
are produced by scattering of Standard Model states in
the thermal plasma after reheating or through the decay
of the NLSP. Within the assumption that the reheat-
ing temperature is lower than the mass of all the su-
persymmetric particles, we are left with only the former
possibility. However, the standard scenario of gravitino
dark matter su↵ers from di↵erent cosmological di cul-
ties which are referred to collectively as the cosmologi-
cal gravitino problems ”: the late decaying superpartners
can strongly a↵ect the Big Bang Nucleosynthesis, and the
relic gravitinos produced should overclose the Universe
for m3/2 & 1 keV, making it di cult to be a warm dark
matter candidate if one takes in consideration structure
formations or Lyman ↵ constraints. We shall see that
in our case, where the production of gravitino is through
UV dominated freeze in, these two old problems do not
appear anymore.
The standard ways to produce gravitinos use low-
energy Supersymmetry. Instead, in this study, we con-
sider the case of high scale Supersymmetry in which case
the masses of all superpartners are above the reheating
temperature. Thus, the particle spectrum below the re-
heating temperature includes only the SM particles and
the gravitino and the latter is the unique viable dark
matter candidate. It is produced non-thermally through
the freeze-in and the relevant e↵ective interactions are
highly dependent on the reheating temperature. As a
consequence, our analysis shows how each given grav-
itino mass reproducing the value of the dark matter relic
abundance leads to a prediction of the reheating temper-
ature TRH .
II. SUPERSYMMETRY BREAKING AND THE
REHEAT TEMPERATURE
We start by discussing the di↵erent scales relevant to
the dark matter relic abundance computation to be pre-
sented in the next section.
1. The supersymmetry breaking parameters:
We denote by F the order parameter for supersym-
metry breaking, a generic combination of auxiliary
F or D terms vacuum expectation values . It corre-
sponds to a spontaneous breaking, thereof it implies
the existence of a Goldstone fermion, the goldstino
G. The super-Higgs mechanism at work leads to a
mass for the gravitino which value at present time
reads [18]:
m3/2 =
Fp
3MPl
, (1)
in which MPl is the reduced Planck mass. The
breaking is mediated to the visible sector through
messengers lying at a scale ⇤mess . This leads to
soft-terms of order of MSUSY :
MSUSY =
F
⇤mess
(2)
We shall assume for simplicity that all the masses
of sparticles, squarks, sleptons, gauginos and hig-
gsinos as well as all the new scalars in the extended
Higgs sector are at least of the order the scale of su-
persymmetry breakingMSUSY . These particles are
thus decoupled from processes at all the energies
under consideration. Below MSUSY , the particle
content is the Standard Model (SM) (with possibly
right-handed neutrinos) and the goldstino. How
realistic is this assumption in explicit supersymme-
try breaking models is a model-dependent question.
In O’Rafeartaigh models of supersymmetry break-
ing, the partner of the goldstino, the sgoldstino G˜,
is usually massless at tree-level. Quantum correc-
tions are however expected to fix its mass to be
one-loop suppressed with respect to the supersym-
metry breaking scale m2
G˜
⇠ g216⇡2F , that has to be
above the reheating temperature for our model to
be self-consistent. In string e↵ective supergravities
it is also often the case for the sgoldstino to be light,
with mass of the order the gravitino mass [19]. This
is also however a model-dependent statement; this
can be avoided in models with a large Riemann cur-
vature in the Kahler space [20]. On the other hand,
asking for m3/2 ⌧MSUSY implies
⇤mess ⌧MPl (3)
and in the energy range under consideration the
Renormalisation Group Equations (RGEs) are
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those of the SM. In particular for a Higgs boson
of 126 GeV, it leads to a vanishing of the quartic
coupling at scales of order 2⇥1010 GeV to 3⇥1011
GeV depending on the assumption on the degener-
acy of super particles soft masses, the exact value
of the top mass and the strong interaction gauge
coupling (see for instance [21]), so we take:
MSUSY . {1010   1011}GeV (4)
Allowed supersy metry breaking scales beyond
this value can be achieved by a modification of the
RGEs through introduction of new light particles.
We shall not discuss these cases in de ails here, the
generalisation being straightforward.
2. The cosmological parameter:
The cosmological hi tory described here starts af-
ter the Universe is rehe ted. Some assumptions
are made for this epoch: (i) The reheating temper-
ature TRH is small enough to not produce super-
partners of the Standard Model particles, thereof
TRH . MSUSY (ii) in the heating proc ss gold-
stinos are scarcely produced. This second condi-
tion is a constraint of the nature of the inflaton,
its scalar potential and the branching ratios in its
decay. A discussion of the production of goldstinos
at the end of inflation can be fou d for ex mple in
[17] .
We consider that the dark matter gravitino inter-
actions are well approxi ated by the helicity ±1/2
components. This is true in virtue of the equiva-
lence theorem if the energy E of the gravitinos is
much bigger than their mass. Approximating the
former by the temperature T of the SM particles
in equilibrium leads t the mass hier rchies that
defines the self-consistency of our s up:
m3/2 ⌧ TRH .MSUSY .
p
F . ⇤mess ⌧MPl
(5)
Note that our bound on the reheat ng tempera ure
is compatible with thermal leptoge esis. In fact,
a lower bound of the reheating temperature is ob-
tained when the lat er is identified with the mass of
the lightest right handed neutrino. It is at most of
order 109 GeV but can be lower depending on as-
sumptions on the neutrinos initial abundance and
mass hierarchies (see for ex mple [22]).
III. GOLDSTINO DARK MATTER
A. E↵ective goldstino interactions
Under the assumption m3/2 ⌧ E ⇠ T discussed
above, the gravitino interactions with SM fi lds are dom-
inated by the helicity ±1/2 components. Moreover, for
E ⇠ T . TRH . MSUSY , these are described by a non-
linear realization of supersymmetry in all the obervable
SM sector, since we will consider all superpartners to be
heavy and therefore not accessible in the thermal bath
after reheating1. The leading order goldstino-matter in-
teractions can be divided into two types of contributions:
universal [25] and non-universal ones [26, 27, 30]. We will
restrict our analysis to the former, s that corresponds to
the minimal couplings expected from the low energy the-
orem2. Their construction starts by defining a ”vierbein”
[28]
eam =  
a
m  
i
2F 2
@mG 
aG¯+
i
2F 2
G a@mG¯ , (6)
that under a supersymmetry transformation of parame-
ter ✏ transform as a di↵eomorphism in general relativity
 eam = @m⇠
nean + ⇠
n@ne
a
m , (7)
where ⇠n = iF e
n
a(✏ 
aG¯ G a✏¯). The couplings to matter
in this original geometrical prescription follows therefore
the standard coupling to matter of a metric tensor built
out from the vierbein gmn = ⌘abeame
b
n. The correspond-
ing goldstino-matter e↵ective operators are consequently
of dimen ion eight and take the form:
L2G =
i
2F 2
(G µ@⌫G¯  @⌫G µG¯)Tµ⌫ , (8)
where G is the goldstino field and Tµ⌫ is the energy mo-
mentum tensor of the SM matter fields. The energy mo-
mentum tensor is given by:
Tµ⌫ =   2p g
 S˜
 gµ⌫
|gµ⌫=⌘µ⌫= +⌘µ⌫L˜
 
X
a
iDµ ¯a ¯⌫ a  DµHD⌫H† +
X
SMgroup
1
2
F a⇠µ F
a
⌫⇠
+(µ$ ⌫) (9)
in which S˜ =
R
d4x
p gL˜. The scalar potential and mass
terms for scalar and fermions appear in the first term.
After the contraction between ⌘µ⌫ and G µ@⌫G¯, the on-
shell production of two goldstinos give a cross section
proportional tom23/2. Asm3/2 is much smaller than TRH ,
these contributions can be neglected, as we will see later.
1 Reheating temperature below superpartner masses was proposed
and investigated in particular in [23] and [24]. The novelty in our
case is that we consider high-scale supersymmetry, so our reheat-
ing temperature is much higher compared to these references.
2 As w w ll see, our result will not depend drastically on this
hypothesi
Once <F> and/or <D> acquir  a vev, SUSY is broken and generates 
gravitino ass. The breaking is then mediated to the SUSY ectors 
by mes engers  to generate the S SY spectrum
The low energy spectrum is then only the SM + the gr vitino
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One can deduce the vierbe n of the theory, just from th  hypoth sis that the 
longitudinal part of the gravitino is the goldstino of the SUSY transformation*
* see the incredibly modern article « Is the Neutrino a Goldstone particle » by D.V. Volkov and V.P. Akulov,Phys. Lett. B 46 (1973) 109 
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3
those of the SM. In particular for a Higgs boson
of 126 GeV, it leads to a vanishing of the quartic
coupling at scales of order 2⇥1010 GeV to 3⇥1011
GeV depending on the assumption on the degener-
acy of super particles soft masses, the exact value
of the top mass and the strong interaction gauge
coupling (see for instance [21]), so we take:
MSUSY . {1010   1011}GeV (4)
Allowed supersymmetry breaking scales beyond
this value can be achieved by a modification of the
RGEs through introduction of new light particles.
We shall not discuss these cases in details here, the
generalisation being straightforward.
2. The cosmological parameter:
The cosmological history described here starts af-
ter the Universe is reheated. Some assumptions
are made for this epoch: (i) The reheating temper-
ature TRH is small enough to not produce super-
partners of the Standard Model particles, thereof
TRH . MSUSY (ii) in the reheating process gold-
stinos are scarcely produced. This second condi-
tion is a constraint of the nature of the inflaton,
its scalar potential and the branching ratios in its
decay. A discussion of the production of goldstinos
at the end of inflation can be found for example in
[17] .
We consider that the dark matter gravitino inter-
actions are well approximated by the helicity ±1/2
components. This is true in virtue of the equiva-
lence theorem if the energy E of the gravitinos is
much bigger than their mass. Approximating the
former by the temperature T of the SM particles
in equilibrium leads to the mass hierarchies that
defines the self-consistency of our setup:
m3/2 ⌧ TRH .MSUSY .
p
F . ⇤mess ⌧MPl
(5)
Note that our bound on the reheating temperature
is compatible with thermal leptogenesis. In fact,
a lower bound of the reheating temperature is ob-
tained when the latter is identified with the mass of
the lightest right handed neutrino. It is at most of
order 109 GeV but can be lower depending on as-
sumptions on the neutrinos initial abundance and
mass hierarchies (see for example [22]).
III. GOLDSTINO DARK MATTER
A. E↵ective goldstino interactions
Under the assumption m3/2 ⌧ E ⇠ T discussed
above, the gravitino interactions with SM fields are dom-
inated by the helicity ±1/2 components. Moreover, for
E ⇠ T . TRH . MSUSY , these are described by a non-
linear realization of supersymmetry in all the obervable
SM sector, since we will consider all superpartners to be
heavy and therefore not accessible in the thermal bath
after reheating1. The leading order goldstino-matter in-
teractions can be divided into two types of contributions:
universal [25] and non-universal ones [26, 27, 30]. We will
restrict our analysis to the former, s that corresponds to
the minimal couplings expected from the low energy the-
orem2. Their construction starts by defining a ”vierbein”
[28]
eam =  
a
m  
i
2F 2
@mG 
aG¯+
i
2F 2
G a@mG¯ , (6)
that under a supersymmetry transformation of parame-
ter ✏ transform as a di↵eomorphism in general relativity
 eam = @m⇠
nean + ⇠
n@ne
a
m , (7)
where ⇠n = iF e
n
a(✏ 
aG¯ G a✏¯). The couplings to matter
in this original geometrical prescription follows therefore
the standard coupling to matter of a metric tensor built
out from the vierbein gmn = ⌘abeame
b
n. The correspond-
ing goldstino-matter e↵ective operators are consequently
of dimension eight and take the form:
L2G =
i
2F 2
(G µ@⌫G¯  @⌫G µG¯)Tµ⌫ , (8)
where G is the goldstino field and Tµ⌫ is the energy mo-
mentum tensor of the SM matter fields. The energy mo-
mentum tensor is given by:
Tµ⌫ =   2p g
 S˜
 gµ⌫
|gµ⌫=⌘µ⌫= +⌘µ⌫L˜
 
X
a
iDµ ¯a ¯⌫ a  DµHD⌫H† +
X
SMgroup
1
2
F a⇠µ F
a
⌫⇠
+(µ$ ⌫) (9)
in which S˜ =
R
d4x
p gL˜. The scalar potential and mass
terms for scalar and fermions appear in the first term.
After the contraction between ⌘µ⌫ and G µ@⌫G¯, the on-
shell production of two goldstinos give a cross section
proportional tom23/2. Asm3/2 is much smaller than TRH ,
these contributions can be neglected, as we will see later.
1 Reheating temperature below superpartner masses was proposed
and investigated in particular in [23] and [24]. The novelty in our
case is that we consider high-scale supersymmetry, so our reheat-
ing temperature is much higher compared to these references.
2 As we will see, our result will not depend drastically on this
hypothesis
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Then the 2! 2 scatterings for the goldstino production
is dominated by the following operators3
i
2F 2
(G µ@⌫G¯  @⌫G µG¯)(@µH@⌫H† + @µH@⌫H†),
1
8F 2
(G µ@⌫G¯  @⌫G µG¯)⇥
( ¯ ¯⌫@µ +  ¯ ¯µ@⌫   @µ  ¯⌫   @⌫  ¯µ ),X
a
i
2F 2
(G ⇠@µG¯  @µG ⇠G¯)Fµ⌫aF a⌫⇠, (10)
where h,  and F a⌫⇠ stand for a complex scalar (Higgs
doublet), auge bosons and two-component fermions
(qu rks and leptons), respectively. The expression of
these interactions in four-components Dirac spinors and
 -matrices notation is provided in the appendix. An-
other way to describe the two goldstinos interactio s to
matter is to replace the superpartner soft mass terms
by couplings between the goldstino superfield and the
matter superfield multiplets. One can integrate out the
heavy (superpartner) components and to eliminate them
as a function of the light degrees of freedom : the SM
fields and goldstino. This leads to an e↵ective low-energy
theory where the incomplete ultiplets are describ d in
terms of constrained superfields [27, 29]. The kinetic
terms of the sparticles will then lead to dimension-eight
operators containing two goldstinos and two SM fields
that generically di↵er from the ones computed from the
low-energy theorem couplings [26]. For the gauge and the
SM fermion sectors, the resulting cross sections only dif-
fer in the angular distribution and numerical constants,
whereas the energy dependence is the same as for the
low energy theorem couplings.
Since the masses of the superpartners are of order
MSUSY < F , one can worry about e↵ective oper-
ators generated after decoupling heavy superpartners,
with larger coe cients. In particular, there can be
dimension-eight operators proportional to 1/M4SUSY and
1/M2SUSY F , that would be dominant over the universal
couplings we use in our paper. This issue was investi-
gated in the first reference in [29], where it was shown
that starting from MSSM only dimension-eight R-parity
violating couplings of this type are generated. Their ef-
fect on the gravitino production was investigated more
recently in [24].
3 See the appendix for the expression of these operators in 4-
component Dirac spinors and  -matrices notation.
B. Computation of the gravitino relic density
1. The framework
Contrarily to the weakly interacting neutralino, the grav-
itino falls in the category of feebly interacting dark mat-
ter. Its interactions at high energies are goverened by
the helicity-1/2 component whose couplings are natu-
rally suppressed by the supersymmetry breaking scale.
In gravity mediated supersymmetry breaking the grav-
itino is often heavier than the supersymmetric spectrum
that it generates. As a consequence, if the gravitino is not
su ciently heavy (ie below 30 TeV) it is a long-lived par-
ticle which usually decay around the BBN epoch. This
gives rise to the famous ”gravitino problem” [31, 32]. In
that case, in order to minimize the observable e↵ects,
th gravitino density has to be small enough at the cost
of an upper bound on the reheating temperature of the
Universe (see eg [33]). On the other hand, if gravitino is
the LSP, it can be a very good dark matter candidate, ei-
ther as stable or metastable particle, with lifetime much
longer than the age of the Universe. The gravitino was
in fact the first supersymmetric dark matter candidate
ever proposed by Pagels and Primack [34]. Then sev-
eral groups generalised and refined the thermal analysis
and computed the relic abundance of gravitino [35, 36],
assuming that the goldstino component dominates the
production, i.e. the gravitino is su ciently lighter than
the other superpartners. The relic abundance of graviti-
nos is then given by
⌦3/2h
2 ⇠ 0.3
✓
1 GeV
m3/2
◆✓
TRH
1010 GeV
◆X
i
ci
✓
Mi
100 GeV
◆2
,
(11)
where ci are coe cient of order one, andMi are the three
gaugino masses. We clearly see from Eq.(11) that the
density is settled by the reheating temperature. Lower
limits onM3 obtained by the non-observation of gluino at
LHC set (for a given gravitino mass) an upper limit on re-
heating temperature to avoid overclosure of the Universe.
These constraints are usually in tension with baryogene-
sis mechanisms [22].
On the other hand, all the scenario discussed above
made the hypothesis of thermal production of gravitino,
through supersymmetric partners in thermal equilibrium
with the primordial plasma. However, if for some reasons
the supersymmetric breaking scale is above the reheating
temperature, the SM superpartners will be too heavy to
reach the thermal equilibrium. A way to produce then
the gravitino as a dark matter candidate is through a
freeze-in mechanism. In this scenario, the gravitinos are
produced at a rate smaller than the one corresponding
to the expansion of the Universe, therefore they do not
have time to reach the thermal equilibrium. It ”freezes
in” in the process to reach it as the strong suppression of
the scattering cross sections by the scale F 2 in Eq.(10)
prevents the gravitinos to be in thermal equilibrium with
Which gives the Lagrangian between the SM and the goldstino
Notice how the Lagrangi n has suppressed coupling (1/F2) and strong energy/
temperature dependance  
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the Standard Model bath.
2. Gravitino production through freeze in
From the interaction generated through the lagrangian
Eq.(10), one can compute the production rate R =
n2eqh vi of the gravitino G˜, generated by the annihilation
of the standard model bath of density neq. The detail of
the computation is developed in the appendix Eq.(27),
and we obtain
R =
X
i
n2eqh vii ' 21.65⇥
T 12
F 4
(12)
The Boltzmann equation for the gravitino density n3/2
can be written
dY3/2
dx
=
✓
45
g⇤⇡
◆3/2 1
4⇡2
MP
m53/2
x4R, (13)
with x = m3/2/T , Y3/2 = n3/2/s, s the density of en-
tropy and g⇤ is the e↵ective number of degrees of freedom
thermalized at the time of gravitino decoupling (106.75
for the Standard Model). Here, we use the Planck mass
MP = 1.2⇥ 1019 GeV. We then obtain after integration
Y3/2 =
21.65MPT 7RH
28⇡2F 4
✓
45
g⇤⇡
◆3/2
' 3.85⇥ 10 3 MPT
7
RH
F 4
(14)
The relic abundance
⌦h2 =
⇢3/2
⇢0c
=
Y3/2 s0 m3/2
⇢0c
' 5.84⇥ 108 Y3/2
⇣ m3/2
1 GeV
⌘
(15)
is then
⌦3/2h
2 ' 0.11
✓
100 GeV
m3/2
◆3✓ TRH
5.4⇥ 107 GeV
◆7
(16)
As we notice, the dependence on the reheating tempera-
ture is completely di↵erent from the case where the grav-
itino is produced through the scattering of the gaugino in
Eq.(11). A similar behavior can be observed in SO(10)
framework [37] or in extended neutrino sectors [23] . All
these models have in common that the production pro-
cess appears at the beginning of the thermal history, and
is then very mildly dependent on the hypothesis or the
physics appearing after reheating. The reheating tem-
perature is then a prediction of the model (for a given
gravitino mass) once one applies the experimental con-
straints of WMAP [38] and PLANCK [39]. Another in-
teresting point, is that a look at Eqs.(14) and (16) shows
that even the dependance on the particle content is very
mild. Indeed, due to the large power T 7RH, the total num-
ber of degrees of freedom, or even channels does not in-
fluence that much the final reheating temperature, which
is predicted to be around 108 GeV for a gravitino with
electroweak scale. Even the hypothesis of universal cou-
plings [25] or non-universal ones [26, 27] will not a↵ect
drastically our Eq.(16).
FIG. 1: Region in the parameter space (m3/2;TRH) respecting
the relic abundance constraint [38, 39] from Eq.(16). The points
above the black line are excluded because gravitino would overclose
the Universe. The blue line constraint is from the Higgs mass with
an observed value 125 GeV, which sets a upper limit for the scale
of supersymmetry breaking (Eq.4).
Our result is plotted in Fig.(1) where we represent
the parameter space allowed by the relic abundance con-
straints ⌦3/2h
2 ' 0.12 [38, 39]. As we notice, there exist
a large part of the parameter space allowed by cosmol-
ogy, giving reasonable values of TRH ' 105 1010 GeV for
a large range of gravitino masses MeV-PeV. The region
below the orange (dashed) line is excluded as the grav-
itino would be too heavy to be produced by freeze–in
mechanism, whereas the region above the green (dotted)
line corresponds to a freeze out scenario. In the latter
region, the production cross section h vi is su ciently
high to reach the thermal equilibrium. This occurs when
nh vi & H(TRH) ' T 2RH/MPl. A quick look at Eq.(12)
shows that such large cross section is obtained for high re-
heating temperature or small values of F (and thus light
gravitino), explaining the shape of the green region in
Fig.(1). However, once the gravitino is in thermal equi-
librium, its density is given by the classical Freeze Out
(FO) mechanism
⌦FO3/2 =
n3/2m3/2
⇢0c
) ' 0.1
⇣ m3/2
180 eV
⌘
(17)
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straints ⌦3/2h
2 ' 0.12 [38, 39]. As we notice, there exist
a large part of the parameter space allowed by cosmol-
ogy, giving reasonable values of TRH ' 105 1010 GeV for
a large range of gravitino masses MeV-PeV. The region
below the orange (dashed) line is excluded as the grav-
itino would be too heavy to be produced by freeze–in
mechanism, whereas the region above the green (dotted)
line corresponds to a freeze out scenario. In the latter
region, the production cross section h vi is su ciently
high to reach the thermal equilibrium. This occurs when
nh vi & H(TRH) ' T 2RH/MPl. A quick look at Eq.(12)
shows that such large cross section is obtained for high re-
heating temperature or small values of F (and thus light
gravitino), explaining the shape of the green region in
Fig.(1). However, once the gravitino is in thermal equi-
librium, its density is given by the classical Freeze Out
(FO) mechanism
⌦FO3/2 =
n3/2m3/2
⇢0c
) ' 0.1
⇣ m3/2
180 eV
⌘
(17)
Summary: populating the Universe with gravitino
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pré-conclusion
« To the great disappointment of many, experimental searches at the 
LHC so far have found no evidence for the superpartners predicted by 
N  =  1 supersymmetry. However, there is no reason to give up on the 
idea of supersymmetry as such, since the refutation of low-energy 
supersymmetry would only mean that the most simple-minded way of 
implementing this idea does not work. Indeed, the initial excitement 
about supersymmetry in the 1970s had nothing to do with the hierarchy 
problem, but rather because it offered a way to circumvent the so-
called Coleman–Mandula no-go theorem – a beautiful possibility that 
is precisely not realised by the models currently being tested at the 
LHC. »
H. Nicolai, CERN courier Jan. 2017
Conclusion
We built the simplest low energy SUSY extension, where the only 
light super partner is the gravitino, whereas SUSY scale is pushed 
above the reheating temperature. 
Through its goldstino component, the gravitino still couples (very 
weakly) to the standard model, and  allows for the right amount of 
dark matter through a thermal freeze in mechanism. 
That a minimal model of gravitino dark matter.
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The first DM paper
Contrarily to the common belief, the first time the word « dark matter » is proposed in a 
scientific paper is not Oort in 1932 but Poincaré in 1906.  Indeed, Lord Kelvin in 1904 
had the genius to apply the kinetic theory of gas recently elaborated, to the galactic 
structures in his Baltimore lecture (molecular dynamics and the wave theory of light). 
Poincaré was impressed by this idea and computed the amount of stars in the Milky 
way necessary to explain the velocity of our sun one observes nowadays.
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v(R) / Rp⇢
vearth(R )
vsun(RProx)
=
R 
RProx
p
⇢ p
⇢Prox
dProx   = 106R  ) ⇢Prox = 10 18⇢ 
vearth ' vsun ) RProx = 109R 
) Nstars = ⇢Prox ⇥R3Prox ' 109
Earth Sun Proxima GC
R  RProxd  Prox
Using the viral theorem, Poincaré computed first the density of stars around the sun, 
then supposing it constant, the radius of the sun to the galactic center, and then the 
number of stars in the Milky Way (~109) corresponding to the observations, thus 
discrediting the existence of dark matter, or dark stars.  
Is SUSY alive (and well)? 
Not so well, but at least still popular..
Strumia talk, Madrid, September 2016
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SUSY has 2 « natural » dark matter candidates: 
• The neutralino,       (60% of the SUSY DM papers on spires)  
• The gravitino,       (49% of the SUSY DM papers) g˜
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SUSY and dark matter
SUSY has 2 « natural » dark matter candidates: 
• The neutralino,       (60% of the SUSY DM papers on spires)  
• The gravitino,       (49% of the SUSY DM papers) 
The neutralino is a mixed between Bino, Wino, and Higgsinos:
In this sense, he has all the characteristic of a WIMP, and as a 
consequence suffers from the same constraints listed before
 01 =cBB˜ + c1H˜1 + c2H˜2+cW W˜
well tempered
non thermal wino
g˜
 ˜01
Figure 1: Plot of rescaled spin-independent WIMP detection rate ⇠ SI( , p) versus m  from
several published results versus current and future reach (dashed) of direct WIMP detection
experiments. ⇠ = 1 for all models except RNS and pMSSM.
7
Spin Independant Direct Detection
Baer et al. 1609.06735
Figure 3: Plot of rescaled thermally-averaged WIMP annihilation cross section times velocity
⇠2h vi versus m  from several published results along with current Fermi-LAT/MAGIC com-
bined reach via W+W  channel and projected (dashed) CTA reach. ⇠ = 1 for all models but
RNS.
masses are far beyond reach of LHC14.
The RNS SUSY regions are suppressed by their ⇠2 factors in that the WIMPs may com-
prise only a fraction of the galactic dark matter abundance. Thus, their projected region of
interest lies for the most part below even the CTA projected reach. The pMSSM projections
fill essentially all of the parameter space shown.
Pertaining to NThW dark matter, we note that there have already been some claims in the
literature that these candidates are excluded by HESS and Fermi gamma-ray line searches [43,
44]. The reason NThWs are susceptible to such searches is that 1. the wino-wino!   
reaction proceeds through a box diagram including wino-W boson exchange and so is quite
unsuppressed for wino-like WIMPs and 2. Sommerfeld enhanced (SE) annihilation rates boost
the annihilation cross section for higher mass winos. These exclusion claims may be tempered
by the more conservative analysis from Ref. [72] which maintains that winos are excluded
for m(wino) . 0.8 TeV due to searches for p¯s and excluded between 1.8-3.5 TeV due to
gamma-ray line searches. Thus, for Ref. [72], a window of viability remained open for 0.8 TeV
< m(wino) < 1.8 TeV.
Our calculations from Isatools [73] generate the expected h vi region from a scan over
11
Indirect Detection
Baer et al. 1609.06735
The gravitino dark matter
The gravitino was in fact the first candidate to be proposed as a 
dark matter, before the neutralino by Pagels and Primack in 1982
H. Pagels and J.R. Primack, Phys. Rev. Lett. 48 (1982) 223
It is indeed a completely natural candidate, with the problematic 
issue of its non-detectability, especially when R-parity is conserved 
(no smoking gun decay modes)
The gravitino dark matter
The gravitino was in fact the first candidate to be proposed as a 
dark matter, before the neutralino by Pagels and Primack in 1982
H. Pagels and J.R. Primack, Phys. Rev. Lett. 48 (1982) 223
It is indeed a completely natural candidate, with the problematic 
issue of its non-detectability, especially when R-parity is conserved 
(no smoking gun decay modes)
However, at first sight, if one supposed that it thermalized and 
decoupled quite early in the Universe (due to its reduced coupling 
to the Standard model), its mass is (naively) restricted to ~ keV  
(the « Cowsik-Mc Clelland analog of the neutrino): 
⌦3/2 =
n3/2m3/2
⇢0c
'
n  ⇥
⇣
2
gMSSM⇤
⌘
m3/2
10 5h2 GeV/cm 3
' 0.1
h2
⇣ m3/2
300 eV
⌘
which is excluded by Tremaine Gunn/structure formation bounds
If the gravitino cannot be produced by the thermalization of 
the primordial plasma, how can it be present in the 
Universe? 
If the gravitino cannot be produced by the thermalization of 
the primordial plasma, how can it be present in the 
Universe? 
Several mechanisms can enter in the game: scattering of 
thermal particles, or decays of heavier supersymmetric 
partners or through the freeze in mechanism. However, the 
constraints are still quite severe on the  gravitino mass if one 
wants to avoid its overabundance. 
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The scattering process
..In 1993,  Moroi, Murayama and Yamaguchi take the goldstino 
interaction to compute its production rate through SM scattering 
T. Moroi, H. Murayama, M. Yamagushi, Phys. Lett. B303, 284-294 (1993)
The scattering process
..In 1993,  Moroi, Murayama and Yamaguchi take the goldstino 
interaction to compute its production rate through SM scattering 
T. Moroi, H. Murayama, M. Yamagushi, Phys. Lett. B303, 284-294 (1993)
 µ ⇠ i
r
2
3
1
m3/2
@µ 
In gauge symmetry, where the transformation parameter θ (phase 
of the Higgs), which represent the (would be) massless goldstone 
mode of the theory is eaten to give the longitudinal mode of the 
gauge boson. By analogy, in supergravity (local supersymmetry), 
the would be fermionic goldstone (goldstino) ψ is eaten by the 
gauge field to give mass to the gravitino (SuperHiggs mechanism)
with m3/2 =
< F >p
3MPl <F> being the breaking scale of SUSY
H = hei
✓
f ) Bµ ⇠ i 1
f
@µ✓
The coupling is fixed by the symmetry (breaking)
T. Moroi, H. Murayama, M. Yamagushi, Phys. Lett. B303, 284-294 (1993)
… one can then compute the relic abundance of the gravitino, 
repopulated by the scattering of SM particles in the thermal bath:
gravitino gluino
gluon
L = imG˜
8
p
6 m3/2 MPl
 ¯ [ µ,  ⌫ ]G˜ Gµ⌫
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Fig. 1. Cosmological constraints on the gravitino mass and the 
reheating temperature in the framework of MSSM when the 
gravitino is the LSP. We take all the squark and slepton masses 
to be 1 TeV, mo~ = mNse= 50 GeV and the GUT relations on the 
gauge fermion masses are assumed. The solid line denotes the 
upper bound on the reheating temperature from the closure limit. 
The dotted region is excluded from the arguments of the light 
element photodestruetion if the NSP whose relic density is as large 
as eq. ( 15 ) decays radiatively with a lifetime shorter than 5.3 × 106 
S. 
overclose the universe. Therefore, it is the scattering 
process that is important to estimate the number 
density of  the gravitino. In this case, 
Ns (TNOW) x / / ~ ( ( 3 ) M  
Y3/2(TNow)= Ns (TR) ~ 3x//~ * 
X TR (Stot Vrel } , (14) 
from eq. (10a). Combining eq. (14)wi th  eq. (13), 
we get the upper bound on the reheating tempera- 
ture, which is approximately proportional to the 
gravitino mass. On the other hand, if 2 × 10 - 6 ,~ m3/ 
2< 10 -4 GeV, the decay processes become signifi- 
cant. In this case, P3/2 is larger than Pc unless the re- 
heating temperature is smaller than the squark and 
slepton masses. Therefore, it is necessary to lower the 
reheating temperature below the squark and slepton 
mass scale in order not to overclose the universe. And 
when m3 /2 ~<2X 10 - 6  GeV, the gravitino mass is so 
small that P3/2 cannot exceed Pc even if the gravitino 
is thermalized. 
Next, let us consider the constraint from the light 
element photodestruction. If  a decay of a heavy par- 
ticle produces high energy photons after the primor- 
dial nucleosynthesis, we must require that these pho- 
tons do not change the abundance of the light 
elements. Here we consider the decay of the NSP. 
Since we are assuming that the gravitino is the LSP, 
the NSP can decay only to gravitino + something by 
the supergravity interaction. Therefore, the NSPs 
have much longer lifetime than other superparticles 
and may affect the predictions of the big-bang 
nucleosynthesis. 
If  the NSPs were stable, it would survive until to- 
day. Its relic density in this case has been calculated 
[3-5 ]. For the neutralinos, in a wide range of parti- 
cle parameters, the relic density is larger than 10- 3 to 
the critical one. This relic density can be translated 
into mNsPYNsP>~ 5.0 X 10-11 GeV ~ 1  where mNsP and 
YysP are the mass and yield of the NSP. In the follow- 
ing analysis, we conservatively take 
mNsP YNS P = 5 . 0 X  10 - l l  GeV,  (15) 
and assume that the NSP decay produces high energy 
photons. According to ref. [16], the energy density 
of  eq. ( 15 ) will overproduce 3He + D unless the life- 
time of the NSP is shorter than about 5.3X 106 S. 
Therefore, we impose 
,, sP i1 m2/2 M2 k m y s p /  U ) 
45 .3X106s .  (16) 
Here we have assumed that the NSP is a U( 1 ) r gauge 
fermion (bino) and used eq. (5a) for the decay rate 
of the NSP ~2. The right hand side ofeq. (16) strongly 
depends on the NSP mass and especially when the 
NSP mass is small, a severe upper bound on the grav- 
itino mass is obtained. The bound we obtained is 
m3/2~<3.4 GeV (9.3 GeV, 288.5 GeV, 771.5 GeV) 
for mNsP= 50 GeV ( 100 GeV, 500 GeV, 1 TeV) and 
the dotted region in fig. 1 is excluded. Note that if the 
reheating temperature is sufficiently small compared 
to the NSP mass, the NSP is not produced signifi- 
*~ It is plausible that this bound is also valid when a slepton or a 
chargino is the lightest. 
,2 If the bino is the NSP, it decays to gravitino+photon or to 
gravi t ino+Z °. But when the bino is lighter than the Z °, the 
latter decay channel is forbidden kinematically and the decay 
rate of the bino is sin20w~ 0.234 times smaller than the value 
of eq. (5a). For the case mNsp = 50 GeV, we have considered 
this effect. 
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overclose the universe. Therefore, it is the scattering 
process that is important to estimate the number 
density of  the gravitino. In this case, 
Ns (TNOW) x / / ~ ( ( 3 ) M  
Y3/2(TNow)= Ns (TR) ~ 3x//~ * 
X TR (Stot Vrel } , (14) 
from eq. (10a). Combining eq. (14)wi th  eq. (13), 
we get the upper bound on the reheating tempera- 
ture, which is approximately proportional to the 
gravitino mass. On the other hand, if 2 × 10 - 6 ,~ m3/ 
2< 10 -4 GeV, the decay processes become signifi- 
cant. In this case, P3/2 is larger than Pc unless the re- 
heating temperature is smaller than the squark and 
slepton masses. Therefore, it is necessary to lower the 
reheating temperature below the squark and slepton 
mass scale in order not to overclose the universe. And 
when m3 /2 ~<2X 10 - 6  GeV, the gravitino mass is so 
small that P3/2 cannot exceed Pc even if the gravitino 
is thermalized. 
Next, let us consider the constraint from the light 
element photodestruction. If  a decay of a heavy par- 
ticle produces high energy photons after the primor- 
dial nucleosynthesis, we must require that these pho- 
tons do not change the abundance of the light 
elements. Here we consider the decay of the NSP. 
Since we are assuming that the gravitino is the LSP, 
the NSP can decay only to gravitino + something by 
the supergravity interaction. Therefore, the NSPs 
have much longer lifetime than other superparticles 
and may affect the predictions of the big-bang 
nucleosynthesis. 
If  the NSPs were stable, it would survive until to- 
day. Its relic density in this case has been calculated 
[3-5 ]. For the neutralinos, in a wide range of parti- 
cle parameters, the relic density is larger than 10- 3 to 
the critical one. This relic density can be translated 
into mNsPYNsP>~ 5.0 X 10-11 GeV ~ 1  where mNsP and 
YysP are the mass and yield of the NSP. In the follow- 
ing analysis, we conservatively take 
mNsP YNS P = 5 . 0 X  10 - l l  GeV,  (15) 
and assume that the NSP decay produces high energy 
photons. According to ref. [16], the energy density 
of  eq. ( 15 ) will overproduce 3He + D unless the life- 
time of the NSP is shorter than about 5.3X 106 S. 
Therefore, we impose 
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Here we have assumed that the NSP is a U( 1 ) r gauge 
fermion (bino) and used eq. (5a) for the decay rate 
of the NSP ~2. The right hand side ofeq. (16) strongly 
depends on the NSP mass and especially when the 
NSP mass is small, a severe upper bound on the grav- 
itino mass is obtained. The bound we obtained is 
m3/2~<3.4 GeV (9.3 GeV, 288.5 GeV, 771.5 GeV) 
for mNsP= 50 GeV ( 100 GeV, 500 GeV, 1 TeV) and 
the dotted region in fig. 1 is excluded. Note that if the 
reheating temperature is sufficiently small compared 
to the NSP mass, the NSP is not produced signifi- 
*~ It is plausible that this bound is also valid when a slepton or a 
chargino is the lightest. 
,2 If the bino is the NSP, it decays to gravitino+photon or to 
gravi t ino+Z °. But when the bino is lighter than the Z °, the 
latter decay channel is forbidden kinematically and the decay 
rate of the bino is sin20w~ 0.234 times smaller than the value 
of eq. (5a). For the case mNsp = 50 GeV, we have considered 
this effect. 
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The thermal scattering has reopened  c smologic lly vi bl  
window (m3/2 > 1 keV) but..
The freeze out process
The freeze out process is the mechanism describing the population of 
gravitino through the decay of the Next to Lightest Supersymmetric 
Particle (NLSP) into gravitino,  once the NLSP is out of equilibrium. The 
NLSP can be a sfermion or a neutralino. We will take the neutralino case 
for illustration 
See Keith’ paper of 1983 
Add a slide about decay NLSP and BBN 
(Stefen..)
.. non-discovery of gluino at LHC pushes lower bound on 
gluino masses, and thus upper bound on TRH of ~107 GeV 
which can be problematic for some leptogenesis scenario. 
But, even in this case…
Cheung et al.* showed in 2011 that the freeze in process of 
gravitino production through the decay of sparticles still in 
thermal equilibrium should render the Universe overdense if 
TRH > Msusy. 
*C. Cheung, G. Elor, and L. Hall, Phys. Rev. D 61 (2011) 
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The dark matter is produced from the thermal bath but at 
a very slow rate, until the expansion rate dominates the 
annihilation (H > Γ)
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Then, the relic abundance is given  
by the decay modes and quickly 
over-densify the Universe, unless 
TRH < Msusy, in which case only 
the exponential queue of the 
SUSY distribution plays a role.
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FIG. 1: Contours of Ω3/2h
2 = 0.11 for gaugino masses fixed
to {mb˜,mw˜,mg˜} = {100, 210, 638} GeV. The {red, orange,
yellow, green, blue} co tours correspo to universal scalar
masses {500 GeV, 1 TeV, 2 TeV, 4 TeV, 8 TeV}.
As we will see, the freeze-in abundance of gravitino
dark matter depends solely on the superpartner spectrum
and m3/2, a quantity which is straightforwardly inferred
from the mass and lifetime of the NLSP when it decays to
the gravitino LSP. Thus, for a given superpartner spec-
trum, the constraint of Ωdecay3/2 h
2 ≃ 0.11 entirely fixes the
lifetime of the NLSP. Because these quantities are exper-
imentally accessible, we chance upon the rather amazing
prospect of reconstructing the origin of gravitino dark
matter through collider measurements. For example, for
degenerate heavy squarks and gluinos at a mass m, the
NLSP lifetime is
τNLSP ≃ 10
−7 sec
( mNLSP
300 GeV
)( m
mNLSP
)6
, (2)
if gravitino freeze-in accounts for the present day abun-
dance of dark matter. Note that this proposal is a spe-
cific instance of the generalized cosmological scenario dis-
cussed in [5, 6].
While the lifetime τNLSP indicated by Eq. (2) is ef-
fectively long-lived on collider time scales, a number
of theoretical and experimental collaborations have sug-
gested that the LHC is capable of measuring the long-
lived decays of the sizable number of charged or colored
metastable NLSPs which will typically slow and eventu-
ally stop within the detector material. Suﬃciently long
lifetimes can easily arise in theories of split supersym-
metry [7], as well as theories with very weakly coupled
particles like gravitinos [8], axinos [9], goldstini [10, 11],
sterile sneutrinos [12], and dark matter [6, 13]. Hence,
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FIG. 2: Contours of Ω3/2h
2 = 0.11 for universal scalar masses
fixed to 500 GeV. The {red, orange, yellow, green, blue} con-
tours correspond to a bino mass mb˜ = {500 GeV, 1 TeV, 2
TeV, 4 TeV, 8 TeV}, where mw˜ and mg˜ are fixed assuming
gaugino mass unification at MGUT ∼ 10
16 GeV.
stopped NLSPs allow for a range of 10−9 − 106 sec to
be probed in early LHC running, and indeed bounds on
stopped gluinos have already been set by the CMS col-
laboration [14]. At higher luminosities, neutral NLSPs
might also be probed if their lifetimes lie in the range
10−9 − 10−5 sec. As such, gravitino freeze-in oﬀers a
novel mechanism of dark matter generation which has
direct implications for the LHC in the near term.
II. GRAVITINO COSMOLOGY
Assuming that the messenger scale of supersymme-
try breaking is below the Planck scale, then the grav-
itino is the lightest of all the superpartners and is thus
an attractive R-parity stabilized dark matter candidate.
Typically, the gravitino mass is considered in the range
keV ! m3/2 ! 1 GeV, where the lower bound arises
from warm dark matter constraints and the upper bound
arises from tension with BBN3. Broadly speaking, grav-
itinos are produced via three distinct physical mecha-
nisms, each with a much diﬀerent dependence on the re-
heating temperature after inflation, TR, and the gravitino
mass, m3/2.
3 The quantitative BBN bound on m3/2 varies with the nature
and mass of the NLSP. Moreover, in some cases it can be evaded
altogether, e.g. with sneutrino NLSP or R-parity violation.
MQ˜ = 8 TeV,
mG˜ = 638 GeV
Then, the relic abundance is given  
by the decay modes and quickly 
over-densify the Universe, unless 
TRH < Msusy, in which case only 
the exponential queue of the 
SUSY distribution plays a role.
If TRHM
2
Q˜
< m3
G˜
H^2 = \left( \frac{\dot a}{a} \right)^2 = \frac{8 \pi G}{3} \rho_{rad}(T) = \frac{8 \pi G}{3} \frac{\pi^2}{15} T^4
\\
aT = \mathrm{cste} ~~~~ \Rightarrow ~~~~ \frac{da}{a} = - \frac{dT}{T} 
\\
\frac{dT}{T^3}= -\sqrt{\frac{8 \pi^3 G}{45}} dt ~~~~\Rightarrow ~~~~ t = \frac{M_{PL}}{T^2}\sqrt{\frac{45}{32 
\pi^3}} \simeq 0.2 \frac{M_{PL}}{T^2}
\\
t \simeq 3 \times 10^{27}~\mathrm{GeV^{-1}} \sim 200 ~\mathrm{seconds}
\\
n(t_D) \sigma v ~ t_D \simeq 1 ~~~~\Rightarrow n(t_D) \simeq \frac{1}{\sigma v t_D}
\\
v = \sqrt{\frac{3 T_D}{m_p}}\times c \simeq 5 \times 10^8 ~\mathrm{cm ~s^{-1}}
\\
T^{now} = \left(\frac{\rho_m^{now}}{\rho_m(10^9~\mathrm{K})}\right)^{1/3} 10^9~\mathrm{K} = \left( \frac{10^{-30}}
{1.78 \times 10^{-6}~\mathrm{g/cm^3}} \right)^{1/3}10^9~\mathrm{K} \simeq 8 ~\mathrm{K}
\psi_\mu \sim i \sqrt{\frac{2}{3}}\frac{1}{m_{3/2}}\partial_\mu \psi
H = h e^{i \frac{\theta}{<H>}} ~~\Rightarrow ~~ W_\mu = i \frac{1}{<H>} \partial_\mu \theta
\mathrm{with}~~ m_{3/2} = \frac{<F>}{\sqrt{3}M_{Pl}}
{\cal L} = \frac{i m_{\tilde G}}{8 \sqrt{6}~ m_{3/2} ~ M_{Pl}} {\color{yellow} \bar\psi} ~  [\gamma_\mu, \gamma_\nu] 
{\color{red} \tilde G} ~ {\color{green} G_{\mu \nu}}
\Omega_{3/2} h^2 \sim 0.3 \left( \frac{1 ~\mathrm{GeV}}{m_{3/2}} \right) \left( \frac{T_{\mathrm{RH}}}{10^{10}~
\mathrm{GeV}} \right) \sum
\left( \frac{m_{\tilde G}}{100~\mathrm{GeV}} \right)^2
\Omega_{3/2} h^2 = {\color{yellow} \Omega_{3/2}^{scat} h^2 } + {\color{red}\Omega_{3/2}^{decay} h^2} ~~ \propto~~ 
{\color{yellow} \frac{T_{RH}\sum  m_{\tilde G^2}}{m_{3/2}^2 M_{Pl}}} +{\color{red} \frac{ \sum M^3_{\tilde Q}}
{m^2_{3/2} M_{Pl}} }
The equations
n_{e^-} + n_{e^+} = n_{\nu} + n_{\bar \nu} = \frac{3}{2} n_{\gamma} 
n_{e^-} + n_{e^+} = 0 ~ ; ~~ n_{\nu} + n_{\bar \nu} = \frac{1}{2} n_{\gamma}
\frac{\ddot a}{a} = - \frac{4 \pi G}{3}  \rho ~\Rightarrow ~ q(t) = - \frac{1}{H^2} \frac{\ddot a}{a} = \frac{4 \pi 
G}{3 H^2} \rho 
\\
= \frac{1}{2} \frac{\rho}{\rho_c}= \frac{1}{2} \Omega,
 ~~~~~~ \mathrm{with} ~ H^2 = \frac{8 \pi G}{3} \rho_c
n(T_f) \langle \sigma v \rangle = H(T_f) ~~ \Rightarrow ~~\left(T_f m \right)^{3/2} e^{-m/T_f} \langle \sigma v 
\rangle < \frac{T_f^2}{M_{Pl}} ~~\Rightarrow ~~ T_f=\frac{m}{\ln{M_{Pl}}} = \frac{m}{26}
\frac{dY}{dT} = \frac{T^2}{H(T)} \langle \sigma v \rangle Y^2 ~~\Rightarrow ~~ Y(T_{now}) = \frac{1}{M_{Pl} T_f 
\langle \sigma v \rangle } = \frac{26}{M_{Pl} m \langle \sigma v \rangle } 
\Omega = \frac{\rho}{\rho_c} = \frac{n \times m}{\rho_c} = \frac{Y \times n_\gamma \times m}{\rho_c} = \frac{26 
\times 400~\mathrm{cm^{-3}}}{\rho_c M_{Pl} \langle \sigma v \rangle} < 1
~~~~~~~~
\Rightarrow \langle \sigma v \rangle > 10^{-9} h^{-2} ~\mathrm{GeV^{-2}}
\langle \sigma v \rangle \simeq G_F^2 m^2 > 10^{-9} ~\mathrm{GeV^{-2}} ~~\Rightarrow ~~ m > 2 ~\mathrm{GeV} 
\frac{dY_{a}}{dx_s} =\left( \frac{45}{g_* \pi} \right)^{3/2} \frac{1}{4 \pi^2} \frac{M_P}{m_{a}^5}x_s^4 R
{\color{white} \chi^0_1=} {\color{red} c_B \tilde B + c_1 \tilde H_1 + c_2 \tilde H_2} {\color{yellow} + c_W \tilde 
W}
The equations
Y_{\tilde G} = \frac{n_{\tilde G}}{n_\gamma} \simeq 10^{-8} \left( \frac{m_{3/2}}{1 ~
\mathrm{GeV}} \right) 
g_{s+3/2}^d \times (T_{3/2}^d)^3 \times V(T^d_{3/2}) = \left[ 4 \times \frac{7}{8} \times (T_{3/2}^0)^3 + 3 \times 2 
\times \frac{7}{8}(T_\nu^0)^3 + 2 \times (T_\gamma^0)^3 \right] \times V(T_\gamma^0)
(T_{3/2}^0)^3 = \frac{1}{g^d_s}\frac{43}{11}(T_\gamma^0)^3 ~~\Rightarrow  ~~ \Omega h^2 = \frac{\rho_{3/2}}
{\rho_c^0} \simeq \frac{210}{g_s^d} \left(\frac{m_{3/2}}{1~\mathrm{keV}} \right) \lesssim 1 ~~ \Rightarrow ~~m_{3/2} 
\lesssim 100 ~\mathrm{eV} ~~[g^d_s \lesssim 200]
\Gamma_{3/2}= \alpha_{3} \frac{m_{3/2}^3}{M_{\mathrm{Pl}}} ~; ~~\tau_{3/2} < 1~s ~~  \Rightarrow ~~ m_{3/2} > 10~
\mathrm{TeV} ~~\Rightarrow ~~ \sqrt{F} \simeq \sqrt{ m_{3/2} M_{\mathrm{Pl}}} \gtrsim 10^{11}~\mathrm{GeV}
{\color{yellow} X + \tilde \gamma \rightarrow X + \tilde g}
{\cal L}
=\frac{1}{4 M_{\mathrm{Pl}}} 
{\color{yellow} \bar{\psi}^\alpha} \gamma_\alpha[\gamma^\mu,\gamma^\nu ] ~{\color{red} \tilde G} ~{\color{green} 
G_{\mu \nu}} 
\psi_\mu \sim i \sqrt{\frac{2}{3}} \frac{1}{m_{3/2}} \partial_\mu \psi
{\color{green} \Omega^{FO}_{3/2} = \Omega_{\tilde G} \times \frac{m_{3/2}}{m_{\tilde G}} \propto \frac{1}{\langle 
\sigma v \rangle} \frac{m_{3/2}}{m_{\tilde G}} \simeq \frac{1}{\alpha_3} m_{\tilde G} \times m_{3/2}}
{\color{yellow} \Omega_{3/2}^{\mathrm{scat}} \propto \frac{T_{RH} m_{\tilde G}^2}{m_{3/2}} }~~\Rightarrow ~~
\Omega_{3/2} \propto ~ {\color{yellow} \frac{T_{RH} m_{\tilde G}^2}{m_{3/2}}} +{\color{green} m_{\tilde G} \times 
m_{3/2}}
